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Abstract
Modern high-resolution remote sensing datasets for the Moon provide a detailed view of the
lunar surface and its features. This thesis uses visible, compositional, and topographic data to
create the most detailed geomorphological maps to date of portions of three lunar impact
structures: Orientale Basin, Tsiolkovsky Crater, and Schrödinger Basin, which are three of the
best-preserved impact structures on the lunar farside.
This thesis discusses the mapping and analysis of seven morphologically distinct ejecta units
around Orientale, nine morphologically distinct units in and around Tsiolkovsky, and twelve
units of surface materials in the central Schrödinger Basin region. This analysis utilized 100
m/pixel Lunar Reconnaissance Orbiter Wide Angle Camera (LROC-WAC) images, 0.5
m/pixel Narrow Angle Camera (LROC-NAC) images, 10 – 50 cm vertical resolution Lunar
Orbiter Laser Altimeter elevation data, Circular Polarization Ratio (CPR) from radar data from
the Miniature Radio Frequency (Mini RF) instrument onboard LRO, and FeO abundance maps
derived from Clementine spectral data to observe lunar surface morphology and composition.
The study regions were then subdivided into distinct morphologic untis based on observed
surface texture, relative tonality, the expression of topographic structures, and relationship with
preexisting topography. The extent of each unit was precisely mapped using the JAVA
Mission-planning and Analysis for Remote Sensing (JMARS) mapping program.
Patterns in the ejecta material around Orientale and Tsiolkovsky were identified, including a
bilateral symmetry to both ejecta blankets and distinct “Forbidden Zones” lacking secondary
impact crater chains. The geographic and stratigraphic distribution of different ejecta units and
the interaction of these materials with preexisting topography indicates multistage ejecta
emplacement, and specific impact directions and angles for these impacts. The Orientaleforming impact occurred toward the southwest at an angle of ~25°– 45° and the Tsiolkovskyforming impact occurred toward the southeast at an angle of ~20º – 25º. Additionally, the
mapping of the Schrödinger Basin interior enabled the design of a rover traverse path for use
in future surface exploration as part of the Canadian Space Agency (CSA) Precursor to Humans
And Scientific Rover (PHASR) initiative. This traverse plan includes twenty specific locations
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where samples could be collected to further our understanding of impact cratering and lunar
chronology.
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Chapter 1
Literature Review and Thesis Introduction
Introduction
The Moon is a natural satellite of Earth that has a mean radius of 1737.1 km (Wieczorek,
2006). The Moon lacks any significant atmosphere and the lunar surface does not host
any water, other running liquids, or any plant life.

These conditions eliminate the

possibility of atmospheric obscuration and preclude surface erosion due to fluvial or
aeolian activity. This makes the unobstructed lunar surface an ideal location to study
geologic processes via both Earth-based and space-based remote sensing techniques.
These surface conditions also result in the preservation of surface features for vast lengths
of time. As such, the lunar surface serves as a near perfect natural laboratory for studying
impact structures and the process of impact cratering. The present-day lunar surface
records billions of years of impact events of varying scales, which extracted buried
materials and reshaped the entire lunar surface.
The Moon is notable as the only body in the Solar System beyond Earth that has been
visited by humans. The Apollo missions of the late 1960’s and 1970’s visited a total of six
locations on the lunar surface.

These missions marked a pivotal moment in the

advancement of space exploration and imbued the lunar surface with significant historical
and cultural significance. These monumental missions collectively returned 380.95 kg of
lunar material to Earth for in-depth laboratory analysis (Orloff, 1989). The samples
obtained during the Apollo missions provide some insight into the geologic history of the
Moon and the Earth-Moon system. At present, the Apollo lunar samples are the only
geologic samples returned to Earth from specific known locations elsewhere in the Solar
System. Having samples from known locations allows for an unparalleled study of
planetary surface materials as well as the precise calibration of global remote sensing
observations of the lunar surface.
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Formation of the Moon
The leading theory on how the Moon formed is commonly called the Giant Impact
Hypothesis. This theory postulates that the Moon formed approximately 4.5 billion years
ago, soon after the formation of the early Earth, when an impactor about the size of Mars
collided with the proto-Earth (Cameron, 2000; Canup and Asphaug, 2001). The resulting
debris from this collision coalesced over time to form both the modern Earth and Moon.
Evidence supporting this theory of lunar formation is derived in part from numerical
modeling of the proposed giant impact and partly from the collective understanding of
isotopic and geochemical analysis of lunar samples and lunar meteorites. Geophysical
modeling of an early giant impact like that shown in the work of (Canup, 2004, 2012;
Bottke et al., 2015) shows that an impact with a Mars-sized body would result in a
significant mixing of material from both bodies into a reformed earth and the debris disc
that would later coalesce into the Moon, with some mass lost as it was ejected toward the
outer solar system and a majority of heavier elements including Fe sinking into the core of
the reformed Earth. Isotopic analysis of returned lunar samples and lunar meteorites has
shown that this lunar material falls on the same mass dependent fractionation line as
material representing a bulk Earth composition (Wiechert, 2001; Young et al., 2012). As
the compositions of other planetary bodies in the Solar System fall on completely different
mass dependent fractionation lines, the nearly identical isotope ratio observed in terrestrial
and lunar samples indicates that they were derived from the same source and points toward
either a complete mixing and equilibration of early earth and impactor materials during the
formation of the Moon, or that the impactor and early Earth formed at approximately the
same distance from the sun out of similar proto-planetary materials (Wiechert, 2001).

Lunar Interior
When the Moon initially formed, it is thought that it consisted of a dense core surrounded
by a molten magma ocean. As this molten material cooled, it crystalized into differentiated
layers, including a core, an ultramafic mantle, and a lighter, plagioclase rich crust (Fig. 1)
(Smith et al., 1970; Wood et al., 1970; Warren and Wasson, 1977; Wieczorek et al., 2006;
Carter et al., 2012). Unfortunately, a limited amount of data pertaining to the composition
and structure of the lunar interior has been obtained. To date, most of the information
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available is derived from the seismic experiments set up on the lunar surface during the
Apollo 14, 15, 16, and 17 missions, along with some data from later remote sensing
instruments.

Figure 1: Cross section of the lunar interior illustrating the different layers of the
Moon. The potential radius of the solid inner core, fluid outer core, and zone of
partially melted material surrounding the core are represented by the white numbers.
Modified from Weber et al., (2011).

Lunar Core
There are several theories about the exact composition of the lunar core. It is likely that
the core is dense and iron-rich similar to other differentiated terrestrial moons in the solar
system including Io (Anderson et al., 1996; Anderson et al., 2001), and potentially
Ganymede (Anderson et al., 1996; Sohl, 2002; Hauck et al., 2006) and Europa (Anderson
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et al., 1998). Other theories based on modeling of the giant impact hypothesis (Cameron,
2000; Canup and Asphaug, 2001) including Hess and Parmentier (1995) Wieczorek and
Zuber (2002) argue that the core of the Moon might remain molten and have an iron or
titanium rich silicate composition as a result of the mixing of primarily silicate materials
from the formative giant impact.
The exact size of the lunar core has not been determined, however several approaches have
provided some insight into estimating the relative size of the core. During the Apollo era,
geophysical observations of the Moon’s size, density, and gravitational field showed that
it has a moment of inertia normalized for MR2 (where M represents mass and R represents
radius) of approximately 0.391 (Blackshear and Gapcynski, 1977; Zhang and Shen, 1988).
This value was refined as a result of tracking the Lunar Prospector probe to be
approximately 0.3935 (Konopliv, 1998). This normalized value for moment of inertia is
nearly the same as that of a solid, perfectly homogeneous sphere at 0.4, indicating that the
Moon must have a relatively small dense core, with a large compositionally homogeneous
mantle.
In an effort to detect the lunar core Weber et al., (2011) analyzed data obtained during the
Apollo Passive Seismic Experiment utilizing array seismology techniques to stack seismic
signals associated with moonquakes and improve the signal-to-noise ratio of the main P
and S wave arrivals. This work has indicated changes in seismic p and s wave velocities
at approximately 240 km, 330 km, and 480 km radial distance from the centre of the Moon
(Weber et al., 2011). This shows that there is a change in the density of the material
composing the lunar interior at these depths, illustrating the boundaries between a solid
inner core with a radius of approximately 240 km, a liquid outer core with an approximate
radius of 330 km, and a region of partial melt between the outer core and mantle with an
outer radius of approximately 480 km (Fig. 1).
The GRAIL mission, launched in 2011, has successfully mapped the lunar gravity field
providing additional high-resolution insight into the structure and composition of the lunar
interior (Zuber et al., 2013). Building on the geophysical models of Weber et al., (2011)
and Garcia et al., (2011), the team of Williams et al., (2014) analyzed observations from
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the GRAIL mission to further refine geophysical calculations of the Moon’s mean density,
moment of inertia, and elastic tidal response. The results of this work also point toward an
interior lunar structure consisting of a solid inner core, liquid outer core, and large
homogeneous mantle.

Lunar Mantle
Like the lunar core, no direct sampling of the lunar mantle has occurred to date. Detailed
information about the structure and composition of the lunar mantle are thus also limited
to what can be obtained from seismic studies, as well as studying the large volcanic deposits
known as mare that cover a large portion of the lunar surface. These regions are composed
of material that originated below the lunar crust and can provide a picture of what the
mantle most likely looked like at the time of their formation.
Seismic data obtained during the Apollo missions to the lunar surface have been analyzed
to show a slight change in the velocity of P and S waves associated with moonquakes at a
depth between 500 km and 600 km. This indicates a change in the structure or composition
of the mantle at this depth. (Nakamura et al., 1982; Khan et al., 2000; Khan and
Mosegaard, 2001). Additional seismic data may hint at the composition of the deepest
portion of the lunar mantle. Analysis of the Apollo seismic data by (Nakamura et al., 1973)
and Nakamura (2005) shows that both P and S waves from a limited number of farside
moonquakes were detected by the seismometers nearest the limbs of the Moon, where the
waves traveled at a depth of approximately 1000 km. However, seismic sensors located
farther from the source of these same moonquakes, for which the P and S waves would
have had to traverse the lunar interior at a greater depth of approximately 1300 km, detected
only P waves. This indicates that the shear waves were unable to traverse this deeper
portion of the lunar interior which in turn could indicate that the deepest portion of the
lunar mantle is partially molten, prohibiting the transfer of shear waves, but permitting the
propagation of P waves from the far side quakes.
Mineralogically the lunar mantle is thought to be composed of mafic minerals similar to
those observed in the lunar surface maria (see next section). These mafic minerals would
have crystalized early in the cooling of the lunar magma ocean, and sank beneath the lighter
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felsic material that remained. Known seismic wave velocities for given minerals along with
thermodynamic models have been used to infer the mineralogical composition of the lunar
mantle. It is likely that the mantle is composed largely of orthopyroxene, with some
amounts of clinopyroxene, olivine, and garnet (Kuskov and Kronrod, 1998; Khan et al.,
2007).

Lunar Surface
Significantly more is understood about the composition and structure of the lunar surface
compared to the lunar interior as the surface has been directly observed and sampled.
Traditionally the lunar surface is divided into two main terrains; the felsic farside highlands
and the mafic nearside lowlands. However recent studies have shown that the composition
of the lunar surface may be more complex, citing concentrations of Potassium and Rare
Earth Elements in what has become known as the KREEP terrain as a compositionally
unique compositional lunar province.

Lunar Highlands
The lunar highlands are thought to have formed as the last of the material composing the
lunar magma ocean cooled and crystalized (Smith et al., 1970; Wood et al., 1970; Jolliff et
al., 2000). While the mafic components of this global melt would have solidified first
forming the lunar mantle (as mentioned in the previous section), these last minerals to
crystalize were primarily felsic in composition. The highland material is almost completely
composed of anorthosites, or rocks that are composed of over 90% plagioclase feldspar
and under 10% mafic components (Warren, 1993; Papike et al., 1998). Analysis of both
the samples returned to Earth during the Apollo missions and satellite observation of the
lunar surface has shown that the plagioclase that comprises the rock of the lunar highlands
is particularly rich in calcium (Wieczorek et al., 2006). The small amount of remaining
mafic minerals contained in highland rocks are typically olivine and pyroxene (Stoeffler et
al., 1980). Overall, the highland rocks can be subdivided into three geochemical suites:
1.

A Ferroan-anorthositic suite. This grouping of highland rocks contains virtually
only plagioclase. The tiny amount of mafic silicates found within these rock are
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considered to be ferroan, or have a low ratio of Mg / (Mg + Fe) (Wieczorek et al.,
2006).
2.

A High Magnesian suite for which the value of the Mg / (Mg + Fe) ratio is ~ 0.95
to 0.6. These rocks are thought to represent intrusions that occurred in the early
crust (James, 1980; Papike et al., 1998). It is important to note that samples of this
“suite” from different sample locations on the lunar surface are thought to be
unrelated to one another and may in fact represent several additional subdivisions
of lunar crustal material (James, 1980; James and Flohr, 1983; Papike et al., 1998).

3.

An Alkali suite. This group represents a smaller amount of lunar material
compared to the first two suites. This suite has an alkali-rich bulk composition, and
less ferroan mafic silicates as well as plagioclase that is relatively less calcic
compared to the first two suites (Wieczorek et al., 2006).

Maria
The nearside of the Moon is dominated by the lowland terrain, much of which is covered
in low albedo, mafic-rich smooth plains known as maria. The maria were formed as a
series of large scale flood-type volcanic eruptions that occurred on the lunar nearside (Head
and Wilson, 1992). These lavas appear to have formed as a result of molten mantle
materials at depths of 100–500 km rising to the surface due to high internal pressures
(Lucey et al., 2006). These lavas flooded and solidified in the lowest topographic regions
on the nearside of the Moon as well as in a few isolated locations on the lunar farside. It
is thought that the maria formed over a period of time ranging from 3.85 to approximately
1 billion years ago (Shearer et al., 2006). Analysis of the lunar maria using data from
several different sources including the Apollo radar sounding experiments (Phillips et al.,
1973), mapping of embayed crater relationships (DeHon and Waskom, 1976), and
morphologic studies of lunar basins (Williams and Zuber, 1998), show that the maria are
most likely 500 metres thick or less, with the average thickness closer to 400 metres
(Wieczorek, 2006).
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Compositionally the material composing the maria consists of basalt and some pyroclastic
glasses (Papike et al., 1976; Neil and Taylor, 1988, Papike et al., 1998). The basalts are
typically subdivided based on their TiO2 content as derived from both returned sample
analysis and remote sensing observations. High-Ti basalts have been observed and
collected around the Apollo 11 and 17 landing sites, while Low-Ti basalts have been
observed and collected at the Apollo 12, 14, 15, and 16 landing sites (Lucey et al., 2006).
Samples of Mare basalt with relatively high concentrations of Al203 along with low-Ti
compared to the Apollo 12 and 15 samples were found at the Apollo 14 and Luna 16
landing sites (Lucey et al., 2006). Finally, a basalt containing little to no Ti concentrations
was identified in a section of the Apollo 17 drill core (Vaniman and Papike, 1977). The
Pyroclastic material of the lunar maria if found in the form of glass beads. These beads are
thought to have been ejected through “fire fountaining” during the volcanic eruptions that
formed the maria (Gaddis et al., 1985). These glass beads are distinct from the glasses
formed during the impact cratering process as they do not contain the characteristic swirls
or incomplete melting associated with impact glasses (Lucey et al., 2006). The pyroclastic
glasses of the maria appear to be iron bearing with a thin coating of volatile material
imparted during the eruption process (Gaddis et al., 1985).

KREEP Terrain
The KREEP terrain is a portion of basaltic material on the lunar surface with a distinct
geochemical composition. KREEP is an acronym representing Potassium (K), Rare Earth
Elements (REE), and Phosphorus (P). KREEP basalts incorporate high concentrations of
these incompatible elements compared to other lunar rocks. The elements in the rocks of
the KREEP terrain likely formed as the last portion of the lunar magma ocean solidified
(Wieczorek et al., 2006). Concentrations of KREEP material are localized in a region
including Mare Imbrium, Oceanus Procellarum, and the immediate surrounding area
(Lawrence et al., 1998; Elphic et al., 2000).

Lunar Regolith
Lunar regolith refers to the unconsolidated material that covers much of both the lunar
highland and maria terrains (Mckay et al., 1991). The regolith is composed of a varying
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mix of small fragments representative of highlands and maria igneous rocks along with
pyroclastic materials, impact breccias, and glasses with the majority of the material
generated from bedrock sources in the local area (Papike et al., 1982; Mckay et al., 1991;
Lucey et al., 2006). On average, the lunar regolith extends to a depth of approximately 5
metres in the maria terrain. The regolith covering the older lunar highlands is deeper,
averaging between 10 to 15 metres in depth (McKay et al. 1991). Individual grain sizes
for the material composing the lunar regolith vary widely, but on average are very small
(60 and 80 µm) (Mckay et al., 1991).
The lunar regolith has formed as a result of meteorite and micrometeorite bombardment
since the solidification of the lunar magma ocean. These impacts break up the material at
the lunar surface with larger impacts occasionally bringing new bedrock fragments to the
surface adding to the accumulated regolith over time (McKay et al., 1991).

Crustal Thickness
Data from the recent GRAIL mission has provided the most detailed picture of the lunar
crust to date. Previous crustal thickness models have shown that the lunar crust is thinnest
on the nearside, especially in within the large impact basins found there, and thickest on
the far side (Wilhelms, 1987; Konopliv, 1998; Wieczorek, 2006). GRAIL data confirms
this, but shows that the average crustal thickness is between 34 to 43 km, less than was
previously believed from older models (Wieczorek et al., 2013).

Impact Cratering
Impact Crater Formation
The impact cratering process occurs in three main stages; the contact and compression
stage, the excavation stage, and the modification stage (Fig. 2).

The contact and

compression phase begins when a solid body traveling at hypervelocity (>11 km/s)
(French, 1998) comes into contact with the surface of a larger terrestrial body and transfers
its vast kinetic energy into the target body in the form of shockwaves (Melosh, 1989).
These shockwaves propagate at hypersonic velocities into the target body as well as back
up into the smaller impacting body. The impactor only penetrates the target body to a depth

10

equal to 1 to 2 times its own diameter before the propagation of these shockwaves reach
the free upper surface of the impactor and are reflected back into the impactor as rarefaction
or tensional waves (Ahrens and O’Keefe, 1972). This causes the impactor to completely
melt or vaporize, marking the end of the contact and compression stage (Melosh, 1989).
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Figure 2: Series of cross sections illustrating the multiple stages of the impact
cratering process. The left side of the diagrams represent simple impact crater
formation, while the right side diagrams represent complex impact structure
formation. From Osinski et al. 2011.
The excavation stage continues from this point, as the shockwave propagates out further
into the target body (Fig. 2). A depression in the surface of the target body begins to form
as this shockwave displaces or ejects the host material. The uppermost part of the host
material is ejected ballistically from the developing transient cavity as the shockwave
interacts with the free upper surface of the host body (Melosh, 1989). This material is cast
out, above ground, in ballistic arcs and touches down again outside the developing cavity
forming the continuous ejecta blanket of the crater (Oberbeck, 1975). The lower portion
of the material is displaced as the shockwaves continue to propagate outward in a
hemispherical pattern from the point of impact.
The final stage in the impact crater formation process is the modification stage. This stage
varies in development depending on the overall size of the impact. For the smallest craters,
material from the interior walls of the bowl-shaped depression slumps downward as a
secondary portion of melt-rich ejecta is expelled slightly beyond the rim of the transient
cavity (Fig. 2) (Osinski et al., 2011). For larger impact craters, a combination of nonelastic upward rebound of transient cavity floor materials and the slumping of the interior
crater walls causes material to accumulate and uplift at the centre of the crater in what is
known as a central uplift. In all complex craters, a series of normal listric faults will
develop beyond the rim of the transient cavity at this stage due to gravitational collapse,
causing the formation of terraces or rings that are concentric to the main crater (Kenkmann
et al., 2012). At this point a secondary amount of melt-rich ejecta will also be expelled
beyond the transient cavity rim of these larger impact structures as well (Osinski et al.,
2011).
On the Moon, there is a distinct change in overall impact crater morphology as the impact
crater increases in size. Lunar impact craters with diameters below 15 km display a simple
bowl-shaped depression with a slightly raised rim surrounded by ejecta. These are
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categorized as simple craters. At diameters between 15 to 20 km impact structures on the
lunar surface are considered transitional craters and begin to display morphological
characteristics of larger complex impact structures (Pike, 1977; Kenkmann et al., 2012;
Kalynn et al., 2013). A central uplift at the centre of the crater depression can be observed
in craters of this size range, where both lithostatic rebound and crater wall collapse during
the modification stage of the crater formation process caused the material at the centre of
the crater to become raised and stand out above the floor of the impact structure. Larger
craters of diameters above approximately 100 km show a central peak-ring structure where
the central peak is replaced with a ring of terrain at the centre of the impact structure
(Hartmann and Kuiper, 1962). The largest impact structures with diameters of over 400
km on the Moon show multiple distinct concentric ring structures at the centre of the crater
(Spudis, 1993). These structures are referred to as multiring impact basins. The Moon is
host to just over 50 impact basins with the largest, the South Pole –Aitken basin, extending
approximately 2,500 km in diameter.

The Late Heavy Bombardment (LHB)
The Late Heavy Bombardment or LHB refers to a proposed period when the terrestrial
bodies of the inner Solar System, including the Moon, experienced a significantly increased
rated of impact cratering. Studies have shown that this period of increased impact activity
likely occurred in a period between approximately 4.5 to 3.8 billion years ago, and
corresponds to the period in which the large lunar basins were formed (Strom et al., 2005;
Minton and Malhotra, 2009; Bottke et al., 2012).
Modeling of the early Solar System shows that the outer gas giant planets likely did not
form in the location of their modern orbits. It is likely that at a time approximately 4.5 to
4 billion years ago, the outer gas giant planets shifted in their orbits due to gravitational
interactions with one another. This shift into their modern orbital locations sent a wave of
gravitational resonance toward the inner Solar System. This resonance shift would have
disrupted the orbits of a significant portion of the main belt asteroids, increasing their
orbital eccentricity, and placing them in orbits that crossed the paths of the inner terrestrial
planets (Strom et al., 2005; O’Brien et al., 2007; Minton and Malhotra, 2009; Bottke et al.,
2012). Thus, portions of the main asteroid belt orbiting between Mars and Jupiter are likely
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the source for the impactor involved in the LHB. Simulations have shown that up to 95%
of the original material composing the main asteroid belt could have been deflected inward
during this period (O’Brien et al., 2007; Minton and Malhotra, 2009).
Additional studies of lunar meteorites which contain material from several different impact
events on the Moon, show that they contain no melt that is older than 3.9 billion years
(Cohen et al., 2000). This analysis of material from potentially more wide spread sampling
locations on the lunar surface that is represented in the Apollo sample collection, indicates
that a resurfacing of the Moon likely occurred around 4 billion years ago as the result of a
late heavy bombardment of the inner Solar System (Cohen et al., 2000).
Further evidence for timing of an intense period of impacting can be found in the analysis
of 40Ar– 39Ar isotopes found in both lunar impact melt samples and in melts observed on
main belt asteroids. The work of Marchi et al. (2013) shows that analyzed melts on
asteroids showed reset of 40Ar– 39Ar ages of between 3.4 and 4.2 billion years old. These
results likely point to higher impact velocities (~10 km/s) capable of resetting these ages
within the main asteroid belt around 4 billion years ago, a time corresponding to the
beginning of the LHB as observed in the impact cratering record in the inner Solar System.

Rayed Craters
The youngest impact structures on the lunar surface are surrounded by a series of rays that
extend radially from the crater centre. Some of the most prominent craters displaying ray
patterns on the surrounding lunar surface are Tycho and Copernicus. These rays appear
bright in both optical and radar wavelengths. They are thought to be the result of freshly
emplaced ballistic ejecta and secondary impacts that occurred as a result of the impact
process (Oberbeck, 1975; Pieters et al., 1985; Neish et al., 2013). Recent study of impact
crater rays on the lunar surface by Neish et al. (2013) has shown that the brightness of the
rays when viewed using radar techniques suggests that the surface is rough with blocks on
the order of 10 cm composing the ray regions, as this scale of surface roughness causes a
scattering of the radar waves. It has also been observed that the brightness of a crater ray
system around a crater is related to the age of the impact structure. Older crater rays are
subjected to prolonged exposure to solar wind and micrometeorite impacts. Both of these
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processes break down lunar surface regolith over time resulting in a more mature surface
regolith that appears darker in optical and radar observations (McDonnell et al., 1977;
Braden and Robinson, 2013; Neish et al., 2013). Thus, analysis of the brightness of ray
systems surrounding relatively fresh impact structures can be used as a benchmark to
determine their relative age.

Impact Melt Flows
One of the key results of the impact cratering process is the generation and emplacement
of impact melt. One of the main focuses of this thesis is the identification and study of
impact melt flows among the distal ejecta from large impact structures. Melt is generated
during the formation of impact structures when the increased heat and reduced pressure
following the contact and compression stage cause the liquefaction of host rock material
within the developing crater (Oberbeck, 1975; Osinski et al., 2011). It is thought that this
molten material is pushed out over the crater rim following the initial emplacement of the
mostly solid ballistic ejecta (Osinski et al., 2011). A survey of melt flows around 146
impact craters on the Moon by Neish et al. (2014) showed that melt flows do tend to
emanate closer to locations where the crater rim is at its lowest elevation. Once beyond
the crater rim impact melt flows tend to extend down local slopes and around obstacles of
higher topographic elevation.
While often difficult to discern impact melt flows from background target rock in optical
wavelengths, impact melts do tend to stand out when observed using radar wavelengths.
Similar to crater rays, melt flows are brightest when they are young and their surfaces are
relatively immature. It is thought that impact melt flows stand out so distinctly in radar
observations due to their surface roughness at a scale of 10 cm. At this scale, circularly
polarized radar waves with a wavelength of 10 cm like those produced by the Mini RF
instrument aboard the Lunar Reconnaissance Orbiter are scattered, causing the melt flow
surfaces to appear bright while the more mature surficial background material remains dark
(Cahill et al., 2014; Neish et al., 2014). This technique allows for the identification of
impact melt ponds and flows that were previously not observable with optical wavelengths.
More detailed analyses of impact melt flows around specific impact craters will follow in
later chapters of this thesis.
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Introduction to Thesis
This thesis makes use of modern, high-resolution remote sensing datasets to study the
geomorphology of large lunar impact structures. The following chapters discuss how the
interpretation of visible imagery is used in concert with compositional and topographic
datasets to create detailed morphologic maps of portions of three well-preserved farside
lunar impact structures: Orientale Basin, Tsiolkovsky Crater, and Schrödinger Basin.
These maps provide insight into the unique structure of each basin and illustrate patterns
in the geographic and stratigraphic distribution of materials emplaced during crater
formation.
Chapter 2 focuses on the analysis of the region surrounding Orientale Basin. Orientale is
considered the best-preserved example of a multi-ring impact basin in the Solar System.
The basin itself measures ~950 km in diameter and ejected materials which cover a large
portion of the far side of the Moon. Seven distinct morphologic units of ejecta material are
identified surrounding this basin and mapped in great detail, including both solid
ballistically emplaced ejecta and melt rich ejecta deposits. This thesis is the first to
completely map the ejecta blanket using modern remote sensing datasets. This work
refines the boundaries of all deposits of ejected material and identifies several large ejected
melt deposits which were not previously included in older geologic maps of this region.
This complete and detailed morphologic mapping of ejected materials enables a study of
the geographic and stratigraphic relationships between different types of ejected materials.
Analysis of the distribution of these materials reveals several patterns in ejecta
emplacement which are interpreted to be the result of the specific impact angle and impact
direction for the event which formed Orientale Basin. Additionally, the order in which
different units of ejecta material consistently overlie one another reveal the relative timing
in which the separate materials were emplaced around the basin. Finally, elevation and
slope data provide insight into how the different types of ejected materials interacted with
the local and regional topography, and how these preexisting topographic features and
trends affected emplacement of Orientale ejecta. It should be noted that in his chapter,
mapped units are referred to as “facies” while the following chapters use the term “units”.
This change in terminology was made in the later chapters in order to reflect the features
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mapped. However, since this thesis uses the integrated article style and this chapter was
published independently before the finalization of the full thesis, the term “facies” was
preserved to reflect the published work.
Chapter 3 discusses a similar mapping effort focused on Tsiolkovsky Crater. Tsiolkovsky
is a remarkably well-reserved ~280 km diameter complex crater which features a central
peak and post-impact mare infilling. Like the map produced in Chapter 2, this new map
of crater morphology and ejecta units is the most precise representation of Tsiolkovsky
materials created to date. This new map of the Tsiolkovsky region likewise enables the
analysis of geographic and stratigraphic trends in the emplaced ejecta materials and crater
interior morphologic units. Study of these distributions resulted in the additional evidence
to support a specific impact angle and direction for the Tsiolkovsky-forming impact event,
as well as a specific timing sequence for the emplacement of different types of ejected
materials.
Chapter 4 details the application of these same morphologic mapping techniques to study
a portion of the interior of Schrödinger Basin near the lunar south pole, and to assist in the
development of a rover traverse plan for exploring this same region of the lunar surface.
This mapping effort identifies 12 unique units of materials within a selected region inside
the peak ring of Schrödinger. As part of an ongoing Science Maturation Study for the
Canadian Space Agency (CSA) Precursor to Humans And Scientific Rover project, the
morphologic map produced in this chapter is also used to plan a detailed rover traverse plan
across the surface.

A comparison of remote sensing datasets with the interpreted

morphologic units of the region ensures that the proposed rover would visit and sample a
diverse suite of terrains within the basin interior. This chapter discusses each of the various
morphologic units within reach of the rover platform from the chosen landing site, and
investigates what insight potential samples of each material could contribute to our
understanding of the impact cratering process, lunar volcanism, lunar chronology, and
which units of materials would contribute to future manned lunar surface exploration
missions.
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Finally, Chapter 5 serves to compare each of the regions mapped throughout the previous
chapters. This chapter also discusses how each of the three mapped impact structures
represent excellent destinations for future manned or unmanned lunar surface exploration
missions. This chapter also outlines potential future work that would expand on the
comparative morphology of large lunar impact structures, and provide additional insight
into the timing of emplacement of different impact materials.
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Chapter 2
New Morphological Mapping and Interpretation of Ejecta
Deposits from Orientale Basin on the Moon
Introduction
Orientale Basin is one of the largest impact structures and the best-preserved multiring
impact basin in the Solar System. It is centered at ∼19° S, 266° E on the western limb of
the Moon and is thought to have formed at the end of the proposed Late Heavy
Bombardment at ∼3.8 Ga (Head, 1974, Wetherill, 1975, McCauley, 1977, Wilhelms,
1987). The basin has a central depression filled with dark-toned and smooth materials
interpreted to be mare basalt (Greeley, 1976) enclosed by three prominent concentric
topographic rings: the Inner Rook Mountains, the Outer Rook Mountains, and the
Cordillera Mountains (McCauley, 1977). The Inner Rook extends to an average radial
distance of ∼240 km from the basin centre, while the Outer Rook ring extends to an average
radial distance of ∼310 km (Hodges and Wilhelms, 1978). The Cordillera ring is the
outermost of the three rings, extending to a radial distance of between ∼450 and ∼650 km
from the centre of the basin (Scott et al., 1974). The central basin mare fill coincides with
a positive gravitational anomaly or mass concentration that has been the focus of several
recent studies (Wieczorek et al., 2013, Zuber et al., 2013, Spudis et al., 2014).
Although numerous studies have focused on the interior of the basin (Greeley, 1976,
Hodges and Wilhelms, 1978, Spudis et al., 2014, Wieczorek et al., 2013, Zuber et al.,
2013), the region extending beyond the Cordillera ring, consisting predominately of
Orientale ejecta, has not been studied in detail since the acquisition of Lunar Orbiter photos
in the Apollo Era (Moore et al., 1974, Scott et al., 1974, 1977). It is noted that preliminary
mapping of the Orientale region was recently conducted by Martin and Spudis (2014);
however, this previous work did not highlight specific ejecta facies in detail. In this study,
we focus on the extensive ejecta blanket around Orientale known as the Hevelius
Formation. The Hevelius Formation extends from the cordillera ring between ∼600 and
∼900 km out to Oceanus Procellarum and Mare Humorum to the east and across the rough
terrain of the lunar highlands to the west. We use modern high-resolution datasets to map

27

the Orientale ejecta blanket and define various ejecta facies within it. Our mapping
identifies 5 distinct ejecta facies, providing a better understanding of both ballistic ejecta
and impact melt emplacement during large, basin-forming impacts. Our work suggests
that ejecta emplacement around basin-sized impacts, while differing in scale and timing,
follows the same fundamental principles as proposed for smaller lunar complex impact
craters and may shed light on other less well-preserved basins on the Moon and elsewhere
in the Solar System.

Background
Geologic Setting
The impact that formed Orientale Basin occurred near the topographical and geological
boundary separating the nearside lunar lowlands and the farside lunar highlands on the
western limb of the nearside of the Moon (Fig. 3). Prior to the impact, the western edge of
Oceanus Procellarum would presumably have extended further to the west forming a more
continuous north-south boundary with the lunar highlands. Due to its size, Orientale Basin
and its ejecta blanket span hundreds of kilometers and overprints both the highland terrain
in the west and the lowlands in the east. Material that was excavated during the basin
formation thus potentially originates from both the highland and lowland terrains,
depending on the exact diameter of the transient cavity and the depth of excavation.
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Figure 3: (A) Orientale Basin and major surrounding impact basins (>300 km in
diameter). Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (LROCWAC) Mosaic. Image credit: NASA/ GSFC/ Arizona State University. (B) Lunar
Orbiter Laser Altimeter (LOLA) 1024 PPD elevation data, colourized to illustrate the
changes in the regional topography.
The region covered by the Orientale Basin ejecta blanket is also host to several large impact
basins that pre-date the Orientale Basin forming event. Two of these basins, MendelRydberg Basin to the south and Hertzsprung Basin to the northwest, are large enough to
have significantly affected the emplacement of the ejecta blanket, potentially diverting
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material around pre-existing topographic highs and providing relatively steep slopes and
topographic lows in which ejecta materials may have been preferentially deposited. The
massive South Pole–Aitken Basin (∼2500 km in diameter) also covers a large portion of
the lunar surface to the southwest of Orientale (Fig. 3).

Previous Mapping of Orientale Ejecta
The first map of the Hevelius Formation was produced by Moore et al. (1974). Using
images obtained from the Lunar Orbiter IV and Zond 8 probes, this previous work
distinguished three main facies of ejecta material beyond the Cordillera ring surrounding
Orientale: 1) a radial facies, interpreted to be primarily comprised of ballistic ejecta with
visible topographic ridges extending radially from the crater centre; 2) a concentric facies
also interpreted to be part of the ballistic ejecta, but displaying a morphology consisting of
ridges concentric to the basin rings; and 3) a smooth plains facies, interpreted as ejecta
material that settled at the distal edge of the continuous ejecta blanket. Expanding on the
Moore et al. (1974) initial facies mapping, Scott et al. (1977) divided the ejecta blanket
into 5 distinct facies: 1) an inner facies consisting of radially oriented ridges; 2) a transverse
facies comprised of ridges concentric to the main rings of the basin; 3) an outer facies of
hummocky terrain and fine ballistic ejecta; 4) a smooth plains material in the distal reaches
of the ejecta blanket; and 5) a secondary cratering facies emanating radially from the ejecta
blanket. In 2013, the USGS geologic map of the Moon was updated (Fortezzo and Hare,
2013), but still is based primarily on the Moore et al. (1974) and Scott et al. (1977) maps
for the Orientale region.
Recently, a new map of the Orientale Basin interior was produced by Spudis et al. (2014)
and Martin and Spudis (2014) using newly available datasets including Lunar
Reconnaissance Orbiter Narrow Angle Camera (LROC-NAC) images and spectral data.
While the results of these works do map in detail the basin interior and the innermost
portion of the ejecta blanket, these authors do not delineate specific distal ejecta facies in
significant detail or provide more than a preliminary mapping of ejecta units beyond the
radial extent of the Cordillera ring. The goal of our work is to provide a far more nuanced
view of this region by mapping the Orientale ejecta blanket in greater detail.
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Methods
Initially, ∼100 m per pixel Lunar Reconnaissance Orbiter Wide Angle Camera (LROCWAC) images (Robinson et al. 2010) were used to characterize the surface morphology of
the ejecta deposits surrounding Orientale and sort the region into distinct ejecta facies. The
WAC images were also used to compare our newly delineated faces with each of the facies
identified by Moore et al. (1974) and Scott et al. (1977). We categorized unique facies
based on similar surface patterns and features as well geographic setting.

Using a

combination of the Java Mission-planning and Analysis for Remote Sensing (JMARS)
(Christensen et al., 2009) and ArcGIS, programs, boundaries were drawn between areas
expressing different surface morphologies. These unique morphologies included the
expression of similar tonality, surface texture, relationship to topography, and the
expression of topographic features / structures. The demarcation of these separate facies
regions continued until coverage of the entire region around the basin consisting of
Orientale ejecta was complete. As the focus of this study was to map and interpret ejecta
deposits from Orientale we focused only on the region including and exterior to the Outer
Rook ring which has been thought to approximate the diameter of the Orientale Basin
transient cavity (Head, 1974, Fassett et al., 2011). A recent study by Johnson et al. (2016)
used computer simulations to show that the transient cavity for Orientale likely extended
to ∼390 km from the basin centre, between the Outer Rook and Cordillera rings. Since
any ejected materials would have been emplaced outside the developing transient cavity
by definition (Melosh, 1989) and the Outer Rook ring provided an easily recognizable
topographic feature of a slightly smaller diameter than the transient cavity, it was chosen
as the inner boundary for our mapping effort. The more recent mapping by Spudis et al.
(2014) includes this region, encompassing the basin interior, and extends out to the
Cordillera ring, while the map by Martin and Spudis (2014) extends beyond the Cordillera
ring. It should be noted that while the region we have mapped partially overlaps with the
work by Martin and Spudis (2014) and Spudis et al. (2014), our mapping strategy is
independent of these two works.
The various ejecta facies were then examined in more detail using ∼0.5–1 m per pixel
LROC Narrow Angle Camera (NAC) images (Robinson et al., 2010) to better define the
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facies boundaries and focus in on specific details and areas of interest. The individual
images used to observe the morphology of Orientale ejecta were selected based on their
resolution and incidence angle. Lower incidence angles (<45°) of sunlight cause a greater
visual contrast between brightly illuminated topographic highs and shadowed topographic
lows providing a more detailed look at the minute changes in topography associated with
some of the observed facies and were thus the most useful to complete the mapping.
Using elevation data generated from laser-shots of the lunar surface conducted with the
Lunar Orbiter Laser Altimeter (LOLA), a digital elevation model (DEM) was generated to
visualize the local topography. LOLA gridded data are comprised of five 5-meter diameter
laser spots spaced 25 m apart from one another providing a vertical resolution of between
10 and 50 cm per sample point, and an overall horizontal resolution of 1024 pixels per
degree (∼29.6 m/pixel) (Chin et al., 2007). The LROC WAC and NAC images were then
overlain on the DEM to identify any relationships between the various ejecta facies and
topography (e.g., ponding or flow patterns of possible impact melt-bearing deposits). In
order to further distinguish between units of ejecta that appear similar in the visible
spectrum covered by the WAC and NAC images, the Clementine-derived iron abundance
compositional dataset was utilized to differentiate units based on weight percent of FeO.

Results and Facies Descriptions
Using the combination of high-resolution images of the lunar surface combined with the
topographic data derived from LOLA, we were able to clearly define several distinct facies
within the Orientale Basin ejecta blanket (Hevelius Formation) and produce a new
morphologic map (Fig. 4). We have also mapped, for reference, each of the basin rings.
We used a simple linear delineation for the Inner Rook ring, but mapped the full extent of
both the Outer Rook and Cordillera rings. The southwest section of the Cordillera ring is
represented by a dashed line, indicating our interpretation for the extent of the Cordillera
ring through this topographically complex region. This main map and all subsequent
images of the lunar surface are presented as simple cylindrical map projections. A detailed
description of these interpretations and their implications for basin formation conditions
are discussed below in Section 5.3.
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Figure 4: New morphologic map of ejecta facies of the Hevelius Formation and other
major units within and around Orientale Basin. For reference, an approximation of
the Inner Rook ring is shown, represented by the black line within the unmapped
region at the Basin centre. Individual ejecta facies are described in detail below and
in Table 1. Map is projected as a simple cylindrical map projection. Base image:
NASA LRO-LOLA 1024PPD derived hillshade dataset. Base Image Credit: NASA /
GSFC / Arizona State University.
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Facies A
Facies A constitutes the region between the Cordillera ring and the Outer Rook ring. It
predominately consists of large blocks of varying scale set within a matrix of smooth
material that approximates an equipotential surface between the two rings (Fig. 5). The
largest of the block features we documented was between 5 and 10 km across. These
surface features are distinct from any of the ejecta facies exterior to the Cordillera ring.
Facies A covers an area of 218,945 km2 within which there is very little topographic change
with an observed average slope of 5.2° (Table 1). The material composing Facies A is
almost entirely confined to the topographically low region between the Outer Rook and
Cordillera rings. The one notable exception can be observed to the southwest of the basin,
where the Cordillera scarp does not form a contiguous topographic barrier, allowing Facies
A material to move farther from the basin centre. While it appears in our map (Fig. 4) that
the interior boundary of Facies B and the innermost deposits of Facies C are in direct
contact with Facies A, these units are in fact separated by between 1.5 and 6 km of vertical
relief along the Cordillera scarp (Fig. 6). Due to this vertical separation, Facies A does not
come into direct contiguous contact with any of the other mapped facies, despite being
geographically adjacent to units of Facies B and C. Even in the southwest region where
Facies A extends farther out, topographic barriers exist that separate Facies A material from
Facies B. The region covered by Facies A is also marked by numerous deposits of mare
material that borders the Cordillera scarp to the northeast as well as mare material that most
likely extended from the large Mare Orientale deposit at the basin centre (Figs. 3 and 4).
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Figure 5: (A) Low-relief hummocky terrain of Facies A covering the region between
the Outer Rook ring and the Cordillera ring. The Cordillera Scarp can be seen in the
bottom right corner of the image. Region pictured is east of the basin centre. Inset
provides the location of this image (black box) on a simplified version of Fig. 4. LROC
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WAC Equatorial Mosaic. Image credit: NASA/ GSFC/ Arizona State University. (B)
Same perspective, overlain with 1024 PPD LOLA Elevation data, colourized as
indicated to show differences in topographic elevation. Image credit: NASA/ GSFC/
Arizona State University
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Table 1: Summary of data for the described ejecta facies and comparison with
previous mapping efforts.

*Slope values calculated directly for each of the ejecta facies polygons in the JMARS GIS
from LOLA 1024PPD Slope Dataset (NASA)
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Figure 6: 3-D projection of the topographic low region between the Outer Rook and
Cordillera rings to the east of the basin centre. Digital terrain generated in the
JMARS GIS using LOLA 1024ppd elevation data (NASA/ GSFC/ Arizona State
University) with a 5x vertical exaggeration.

The terrain is overlain with a

combination of the WAC Equatorial mosaic (NASA/ GSFC/ Arizona State
University) and our mapped facies. All facies labelled as shown. Elevation across the
Cordillera ring ranges from 1.5 to 6 km.

Facies B
Facies B is the dominant facies of the Hevelius Formation (Figs. 4 and 5), covering a total
surface area of 1746,568 km2. It begins at the outer edge of the Cordillera ring (∼400 to
∼500 km from the basin centre) and extends to a radial distance of ∼240 to 800 km. This
facies surrounds the basin in all directions and extends farther from the basin centre in the
northwestern and the southeastern quadrants. It is analogous to the Radial Facies of Moore
et al. (1974) and the Inner Facies (Unit Iohi) of Scott et al. (1977). While similar to these
two previously mapped facies, our map more accurately delineates the outer boundaries of
this facies thanks to the use of modern high-resolution WAC and NAC images.
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The material composing Facies B features prominent sinuous ridges that extend radially
from the centre of the basin (Fig. 7). These radial ridges are separated by distances ranging
from 2 to 31 km. The elevation from the bottom of these radial troughs to the adjacent
peaks also ranges greatly. Based on LOLA topography data, we measured changes in relief
varying from ∼90 m to 2.1 km with the widest radial troughs also tending to be the deepest.
Facies B is occasionally marked by the presence of larger valleys or troughs, such as Vallis
Baade (45.9° S, 76.2° W), Vallis Bouvard (38.3° S, 83.1° W) and Vallis Inghirami (43.8°
S 72.2° W.). These large valleys are thought to have been carved by the expulsion of the
initial large blocks of Orientale ballistic ejecta (Byrne, 2005). Facies B grades into the
lunar plains beyond the region affected by the continuous ejecta blanket (Fig. 4), with the
ridges becoming less pronounced toward its outermost extent. On and between the more
prominent ridges, the material composing Facies B appears to be very rough and
hummocky at the 100-m scale of the LROC-WAC images.

39

Figure 7: (A)WAC mosaic image of Facies B showing the sinuous peaks and troughs
extending in a radial pattern from the basin centre. Inset provides the location of this
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image (black box) on a simplified version of Fig. 4. Base image: NASA LROC Wide
Angle Camera Mosaic. Image credit: NASA/ GSFC/ Arizona State University. (B)
Same perspective with the WAC image overlain with colourized LOLA 1024ppd
elevation data (NASA/ GSFC/ Arizona State University) with blue representing low
elevation values and red representing high elevation values according to the key
provided. Red line denotes topographic profile shown in Fig. 7C. (C) Topographic
profile drawn in the JMARS GIS showing the elevation change across the span A to
A’ indicated in Fig. 7B.
Facies B overlies and has heavily eroded the landscape features surrounding Orientale
Basin beyond the Cordillera ring.

This includes topographic highs, lows, the

aforementioned valleys, and pre-existing impact craters. Craters on the order of 50 km in
diameter have been overprinted but still remain as discernable topographic lows (e.g., Fig.
8). The majority of the craters below this size have been completely buried by ejecta
material forming Facies B.
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Figure 8:

(A) Two unnamed impact craters both ∼70 km in diameter located

approximately 700 km north of the basin centre within the continuous ejecta blanket.
These pre-existing impact craters are almost completely obscured by the overprinted
ballistic ejecta from Orientale (Facies B material). Inset provides the location of this
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image (black box) on a simplified version of Fig. 4. Base image: NASA LROC Wide
Angle Camera Mosaic. Image credit: NASA/ GSFC/ Arizona State University. (B)
LRO LOLA 1024 PPD elevation data. The colourized elevation data highlights the
remaining topographic low regions associated with the impact craters. Image credit:
NASA/ GSFC/ Arizona State University.

Facies C
Facies C consists of material that appears smooth at the 100-m scale of WAC images and
smooth to slightly hummocky in the sub-meter resolution of the NAC images. It covers
just over 117,000 km2 in total surface area. The materials of Facies C superpose and embay
adjacent morphologic features of Facies B. Facies C materials are also observed to be
enclosed by, and isolated within, local topographic lows. These deposits approximate an
even, equipotential surface within the confines of their local low elevation topographic
basins. The average slope across all of the deposits of this facies is 4.8º (Table 1). The
contacts between this facies and the surrounding units are sharp and well defined (Fig. 9).
Facies C occurs at varying distances from the basin centre with some deposits present along
the inner border with the Cordillera range and others observed among the distal reaches of
Facies B. The deposits of Facies C located along the north and northeastern border of the
Cordillera ring have overall distinct lobate shapes and are the largest exposures of this
facies (Fig. 9). The units of Facies C found among the distal reaches of the continuous
ejecta blanket are significantly smaller than those found along the Cordillera ring and
usually occur in local topographic lows contiguous with the distal edges of units of Facies
D (see below).
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Figure 9: (A) Interior units of Facies C just outside the Cordillera ring. These units
appear smooth and flat compared to the surrounding terrain. Dashed lines indicated
the boundaries of the Facies C (Fc) deposits. Solid white line marks the Cordillera
ring. Inset provides the location of this image (black box) on a simplified version of
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Fig. 4. NASA LROC-WAC. Image Credit: NASA / GSFC / ASU. (B) Same
perspective overlain with LOLA 1024 PPD elevation data colourized to illustrate
changes in regional elevation. Image Credit: NASA / GSFC / ASU.
There is no direct correlation between the outer deposits of this facies identified within the
distal ejecta blanket in our work and either of the previous mapping efforts. The innermost
expressions of this facies were included as unit “Iork – Knobby Facies” and the upper
portion of the ejecta sequence by Scott et al. (1977). Some of the regions we have identified
as Facies C do fall under the “plains material” facies mapped by Scott et al. (1977). We
can now identify these units as a distinct and unique facies of the Orientale ejecta blanket.

Facies D
Facies D occurs in several discrete regions located ∼550 to ∼850 km from the centre of
the basin (Fig. 4). The main concentration of Facies D deposits occurs in the southeastern
quadrant of the ejecta blanket and covers a combined surface area of 140,757 km2. The
materials composing Facies D show characteristic lobate extensions toward, and into,
regional topographic lows (Figs. 10, 11, 12, and 13). The material composing many of
these units occasionally displays evenly spaced curvilinear ridges that are aligned
perpendicularly to the radial ridges in Facies B (Figs. 12 and 13). The height of the
curvilinear ridges is highly variable between the different locations in which Facies D is
observed, from under 10 m to just over 100 m in height. The exposures of Facies D are
observed to follow local topography, diverting around topographic highs and extending
into topographic lows. The average slope of all the units in this group, calculated using
slope data derived from the LOLA topographic elevation dataset, is 6.9° (Table 1).
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Figure 10: (A) Region of Facies D to the southeast of Orientale Basin displaying
distinct concentric ridge and lobate morphology. Three distinct extensions of Facies
D can be observed: one to the north of crater Inghirami extending east, one extending
south east into Inghirami crater itself, and one south of Ingrhami extending east.
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Inset provides the location of this image (black box) on a simplified version of Fig. 4.
Base image: NASA LROC-WAC Mosaic. Image Credit: NASA / GSFC / ASU. (B)
LOLA 1024 PPD elevation data. Colour stretched to represent full range of elevations
across extent of facies. Red represents topographic high regions and blue represents
topographic low regions. Image Credit: NASA / GSFC / ASU. White boxes indicate
the location of each to the two following figures; Fig. 11 and Fig. 12 as close-up views
of two distinct flow lobes in this region.
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Figure 11: (A) Lobate extension of Facies D to the southeast of the basin centre as
identified in Fig. 10. Base image: NASA LROC Wide Angle Camera Mosaic. Image
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Credit: NASA / GSFC / ASU. (B) Lobate extension illustrated with LOLA elevation
dataset where blue represents low topographic areas and red represents high
topographic areas. Base image: NASA LROC Wide Angle Camera Mosaic
colourized with LOLA 1024 PPD Elevation dataset. Image Credit: NASA / GSFC /
ASU. (C) Topographic cross sections corresponding to the coloured lines in 9B
illustrating the generally flat and steadily sloping top of the lobate extension and
distinct drop off at its outward edge.
Parts of this facies were identified in isolated locations in the east and southeast portions
of the ejecta blanket as a “Transverse Facies” by Scott et al. (1977). Our work shows that
several of the previously mapped units are contiguous and extend for a significant distance
across the Orientale region.

Facies E
The circular and elliptical units of Facies E denote linear clusters of secondary impact
craters. These craters range in diameter from ∼0.7 to ∼24.5 km with an average diameter
of 11.4 km. They occur together as densely spaced or overlapping linear chains extending
radially from the centre of the basin (Fig. 14). Similar measurements for the diameters of
secondary impact craters from the Orientale Basin impact have been described by
Wilhelms (1987). These chains generally appear beyond the Cordillera Ring, starting
approximately 600–800 km from the basin centre. The longest secondary crater chain
extends to the northwest and is ∼2090 km in length (Fig. 4). The second longest chain
occurs to the southeast and extends ∼1100 km (Fig. 4). The longest chain segment in the
northwest may have originally extended across the Cordillera boundary, starting near the
Outer Rook Mountains ∼300 km from the basin centre adding an estimated 221 km to its
length for a total of ∼2311 km (Fig. 15). There exist four local depressions between the
Outer Rook and Cordillera rings that are in line with this long secondary crater chain. The
true length of the longest secondary crater chain is difficult to determine as these additional
depressions, which potentially represent the innermost craters of the chain, have been
highly modified and buried by other material. When observed using the LOLA 1024 PPD
elevation data, distinct crater-like shapes and topographic cross-sections can be
distinguished within these depressions (Fig. 15).
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The distinct secondary chains around Orientale appear to begin within Facies B and
continue outward across the lunar surface well beyond the outer extent of this facies. The
craters of Facies E that lie beyond the extent of Facies B appear to be better preserved and
far less infilled or altered than those found within the boundary of Facies B.

Discussion
Interpretation of Ejecta Facies
The following sections include a discussion and interpretation of each ejecta facies within
the context of the impact cratering and basin formation process. Rather than discuss these
facies in geographic order from proximal to distal as above, we instead present each facies
in its interpreted order of emplacement. In summary, based on our mapping, cross-cutting
relationships, and comparison with observations with other lunar craters, we propose that
the relative order of facies emplacement would have been as follows:
First, ballistic ejecta was excavated from the developing basin. The largest solid blocks of
ejected material re-impacted the lunar surface outside of the developing transient cavity
with sufficient velocity to create long linear chains of secondary impact craters (Facies E).
Simultaneously, the blanket of continuous ballistic ejecta, composed of a combination of
solid and molten material excavated from the lunar crust, was emplaced across the lunar
surface. (Facies B). The innermost portion of the continuous ballistic ejecta blanket would
likely have been deposited within the still evolving transient cavity, while the majority of
the ballistic ejecta was emplaced beyond the maximum radial extent of the transient cavity.
Following this episode of ballistic sedimentation, impact melt-rich material was
transported outwards from the basin interior as fast-moving ground-hugging flows. These
melt-rich flows continued outward across the lunar surface to settle as flows and ponds
outside the maximum radial extent of the transient cavity rim (Facies C and D).

The

remaining melt settled within the transient cavity as a continuous deposit that continued to
be modified, mixing with the previously emplaced ballistic ejecta and subsequent large
blocks of host rock during the final stages of crater modification (Facies A).

50

Facies E – Secondary Impact Craters
The crater chains denoted here as Facies E are the result of secondary impacts from large
solid blocks of material ejected at high-speeds and ballistically emplaced from the basin
interior (Oberbeck, 1975). These blocks were emplaced across the surface early in the
basin-formation process, forming linear groupings of secondary craters in chains extending
out radially from the basin centre (Fig. 14).
While the formation of these secondary craters would have overlapped with the
emplacement of the continuous ejecta blanket (Facies B, see below), there is evidence to
suggest that the emplacement of the latter continued long after the formation of the
secondary crater chains. The portions of the crater chains found within the boundary of
Facies B appear to have been modified by ballistic ejecta deposits. Within these modified
sections of secondary crater chains all of the craters became either partially or entirely
infilled by material from Facies B (Fig. 12). Wilhelms (1987) also noted this modification
or infilling of secondary impact craters around Orientale based on the study of lower
resolution Lunar Orbiter photographs. The combination of the results from this previous
study with our observations and the ballistic sedimentation model of Oberbeck (1975)
demonstrates that these secondary crater chains were formed by fast-moving (>1 km/s)
blocks of initial ballistic ejecta and that the formation of the secondary crater chains
occurred prior to the complete emplacement of the main ballistic ejecta blanket of Facies
B.
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Figure 12: (A) Lobate extension of Facies D to the southeast of the basin centre as
identified in Fig. 10. Base image: NASA LROC Wide Angle Camera Mosaic. Image
Credit: NASA / GSFC / ASU. (B) Lobate extension illustrated with LOLA elevation
dataset where blue represents low topographic areas and red represents high
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topographic areas. Base image: NASA LROC Wide Angle Camera Mosaic colourized
with LOLA 1024 PPD Elevation dataset. Image Credit: NASA / GSFC / ASU. (C)
Topographic cross sections corresponding to the coloured lines in 10B illustrating the
generally flat and steadily sloping top of the lobate extension and distinct drop off at
its outward edge.
Our mapping shows that the distinct chains of secondary impact craters occur more
prominently in the northwestern and southeastern regions of the Orientale Basin ejecta
blanket, and appear to be absent in the eastern portion of the ejecta blanket toward Oceanus
Procellarum (Fig. 4). The prevalence of these secondary crater chains to the southeast,
southwest, and northwest, with a clearly bounded region free of secondary impact craters
to the northeast can be considered a “forbidden zone” (e.g., Gault and Wedekind, 1978,
Herrick and Forsberg-Taylor, 2003, Schultz et al., 2007) where no secondary impact chains
occur. This will be discussed further in Section 5.6 with respect to the angle of the impact
that formed Orientale.

Facies B – Ballistic Ejecta Blanket
Facies B of the Hevelius Formation is characterized by numerous radial sinuous ridges and
is interpreted to be the ballistically and radially emplaced ejecta from the Orientale impact
event. As noted previously, the Outer Rook ring is thought to approximate the diameter of
the original transient cavity (Head, 1974; Fassett et al., 2011). The impact ejecta model of
Oberbeck (1975) suggests that ballistic ejecta deposits are thickest just outside the transient
cavity and become progressively thinner as the radial distance from the crater rim
increases. Therefore, the ballistic ejecta deposits around Orientale would have been
thickest just outside the Outer Rook ring before the crater modification (cf., Scott et al.
1977). The region between the Outer Rook ring and Cordillera ring would, thus, have been
covered by the innermost portion of Facies B, which is now overlain by the later deposits
of melt-rich ejecta that mixed with the emplaced ballistic ejecta to form Facies A (see
below).
Our observations show that following initial ballistic deposition, the ejected material
continued to flow outward away from the basin centre interacting with topographic features
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consistent with models for ballistic impact ejecta emplacement (Oberbeck, 1975). At the
outer extent of Facies B, the ejecta material appears to become less continuous as the
hummocky terrain of Facies B gradually transitions to the smoother pre-existing lunar
surface that was left relatively unaltered by the Orientale impact. The emplacement pattern
of Facies B appears to be modified by the rim of the older Mendel-Rydberg basin to the
south of Orientale. It is suggested that the regional topographic high is likely the cause for
the reduced extent of Facies B to the south when compared to the distal extent of this facies
in other directions (see Section 5.2 for additional discussion).
As the material of Facies B shows evidence of both ballistic emplacement and outward
transportation as a ground-hugging flow, it would have entrained some of the target
material over which it passed (Oberbeck, 1975), creating a mixture of both “primary” and
“secondary” ejecta; where “secondary” does not refer to secondary craters but to materials
entrained and incorporated as part of the ejecta blanket (see Horz et al., 1983). Our
mapping shows that this process overprinted and eroded pre-existing topography (Fig. 8).
Small scale topographic features including pre-existing impact craters and some of the
innermost craters of the secondary impact crater chains from the initial Orientale ballistic
ejecta were either heavily modified or completely overprinted by the large volume of
primary and secondary ejecta (Figs. 8 and 14). It is clear that large topographic features,
including Vallis Inghirami and Vallis Bouvard, were partially infilled by materials of
Facies B. These features still maintain their negative topographic relief into the preexisting lunar surface, but have been overprinted by the radial ridge morphology of the
main body of Facies B.
Similar radial grooved features can be seen at smaller scales around other well preserved
lunar impact craters (Oberbeck, 1975). These features extend out from the crater rim
approximately 1 to 2 crater radii. This texture appears to be indicative of continuous ejecta
blankets and is distinct from the radial chains of secondary impact craters extending
outward from the centre of the basin. While small portions of similar terrain can be seen
around Imbrium Basin, Orientale Basin is the largest crater on the lunar surface to have a
well-preserved, radially grooved ballistic ejecta blanket (c.f., Head, 1974, McCauley, 1977,
Moore et al., 1974, Wilhelms, 1987).
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Facies C and D – Impact Melt Flows and Ponds
Our mapping shows that deposits of both Facies C and D embay and overlie portions of
Facies B and occasionally extend outward to cover the lunar plains beyond. Facies D has
clearly defined ridges and lobate structures (Figs. 10, 11, 12, and 13) similar to those
observed in cooling basaltic lava on Earth (e.g., Nichols, 1957) and in impact melt flows
around other lunar impact craters (Howard and Wilshire, 1973, Oberbeck, 1975, Hawke
and Head, 1977, Bray et al., 2010, Osinski et al., 2011, Denevi et al., 2012). These units
are linear to curvilinear in overall appearance and conform to pre-existing topography. In
multiple locations the material composing Facies D appears to have flowed down slope
and around – but not over – topographic obstacles resulting in distinct flow-like features
(Fig. 16). Similar flow textures have been documented around smaller impact craters on
the Moon (Hawke and Head, 1977, Bray et al., 2010, Osinski et al., 2011, Denevi et al.,
2012, Neish et al., 2014), typically forming either at, or just inside, the rim of a crater, and
often extending out across the lunar surface for significant distances.
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Figure 13: (A) Lobate extension of Facies D to the northeast of the basin centre. Base
image: NASA LROC Wide Angle Camera Mosaic. Image Credit: NASA / GSFC /
ASU. Inset provides the location of this image (black box) on a simplified version of
Fig. 4. (B) Lobate extension illustrated with LOLA elevation dataset where blue
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represents low topographic areas and red represents high topographic areas. Base
image: NASA LROC Wide Angle Camera Mosaic colourized with LOLA 1024 PPD
Elevation dataset. Image Credit: NASA / GSFC / ASU. (C) Topographic cross
sections corresponding to the coloured lines in 5B illustrating the generally flat and
steadily sloping top of the lobate extension and distinct drop off at its outward edge.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Figure 14: Large crater chains spanning approximately 150 km along a linear
northwest / southeast trend emplaced to the northwest of the basin centre within and
just beyond Facies B. Inset provides the location of this image (black box) on a
simplified version of Fig. 4. Base image: NASA LROC Wide Angle Camera Mosaic.
Image Credit: NASA / GSFC / ASU.
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Figure 15: (A) Depression interior to the Cordillera ring that could be considered
part of the longest secondary crater chain extending to the northwest of the basin.
Circled here are observable craters forming the chain exterior to the Cordillera ring
as well as the interior depression (dashed line). Inset provides the location of this
image (black box) on a simplified version of Fig. 4. Base image: NASA LROC Wide
Angle Camera Mosaic. Image Credit: NASA / GSFC / ASU. (B) Zoom-in on
interior depression with four crater-like depressions outlined. Terrain spans
elevations from approximately - 1400 m of elevation at the base of the rings to
approximately 7400 m of elevation at the top of the Cordillera ring in this image.
Arrows indicate path in line with the longer established crater chain. Base image:
NASA LROC Wide Angle Camera Mosaic overlain with LOLA 1024 PPD elevation
data. Image Credit: NASA / GSFC / ASU. (C) Closer view of southern most
depressions with the LOLA elevation data stretched to show three separate craterlike depressions almost completely overprinted by melt materials. (D) Same
perspective as C with the depressions outlined in a dashed white line. Red lines
indicate the location of topographic cross-sections. (E-H) Topographic cross-
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sections of each of the four crater like depressions that compose the feature.
Elevation derived from LOLA 1024 PPD dataset. Image Credit: NASA / GSFC /
ASU.

Figure 16: (A) Flow Lobes of Facies D showing in a LROC-WAC mosaic image to
the southeast of Orientale surrounding Ingrhami Crater. Three distinct flow lobes
can be observed (arrows) transitioning from a local topographic high just north of
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Ingrhami to topographic lows to the east, south, and into Ingrhami crater itself.
Inset provides the location of this image (black box) on a simplified version of Fig. 4.
Base image: NASA LROC Wide Angle Camera Mosaic. Image Credit: NASA /
GSFC / ASU. (B) Same perspective overlain with LOLA data to emphasize the
change in elevation between the head and the two of each flow lobe. Red regions
represent topographic highs and blue regions represent topographic lows. Base
image: NASA LROC Wide Angle Camera Mosaic. Image Credit: NASA / GSFC /
ASU.
Facies C and D display morphologies consistent with impact melt-rich ejecta, with Facies
D coming to rest in areas with pre-existing topographic slopes and Facies C collecting in
topographic lows, which acted as natural collection points for melt-rich materials. To the
southeast the occurrences of Facies C are found at greater radial distances from the basin
centre. At this distance the ejecta lost all outward momentum imparted both from the
ejection process and from any downslope, gravity-driven flow motion across the lunar
surface.
The distribution and relationship of the deposits of Facies C with the basin, including the
distance over which this facies is spread, and overall preferential radial orientation away
from the centre of the basin, make it unlikely that they could have been generated in any
impact event other than the one that formed Orientale Basin. The slopes over which these
features extend are very low with average slopes of only ∼5° to 13° (Table 1). Other
mechanisms of large-scale material movement such as slumping or mass wasting have only
been observed on significantly steeper slopes above the 31º angle of repose for lunar
regolith (Quaide and Oberbeck, 1968; Kumar et al., 2013). All of these observations
collectively suggest that this facies is composed predominantly of impact melt-bearing
deposits.
It is important to note that the deposits of Facies C and D, while similar in morphology to
mare and cryptomare deposits in the same region, are distinct in several ways allowing us
to differentiate between impact and volcanic deposits. First there is a distinct tonal
difference in the WAC images with the majority of Facies C and D deposits appearing
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lighter in tone compared to the dark mare deposits (Fig. 17). The mare deposits in the
region also show a distinctive Fe-enrichment in the Clementine FeO abundance dataset
which the material composing Facies C and D lack (Fig. 17). In the high resolution WAC
images (< 100 m/pixel) Facies C appears generally smooth and exhibiting some minor
hummocks and the material composing Facies D shows distinct ridges and ripple like
textures. In contrast, the mare exposures appear comparatively smoother than Facies C
materials at the scale of WAC images (Fig. 17). It is also important to note that, aside from
the previously mentioned local cryptomare deposits, there are no clearly distinguishable
nearby volcanic source features (e.g., vents, rifts, rills, etc.) like those observed toward the
basin interior (Whitten et al., 2011); further eliminating the possibility of an endogenic
origin for these pond and flow features.

Figure 17: Interior unit of Facies C (melt pond) shown in LROC-WAC. Unit extent
denoted by dashed white line. Smooth flat surface texture visible. Inset provides the
location of this image (black box) on a simplified version of Fig. 4. Base image: NASA
LROC Wide Angle Camera Mosaic. Image Credit: NASA / GSFC / ASU. (B)
Exposure of regional mare unit among the distal reaches of the Orientale Basin ejecta
blanket. Smooth flat surface common to these deposits visible. Inset provides the
location of this image (black box) on a simplified version of Fig. 4. Base image: NASA
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LROC Wide Angle Camera Mosaic. Image Credit: NASA / GSFC / ASU. (C) Same
perspective as (A), overlain with Clementine FeO weight percentage information
(Lucey et al., 1995; Blewett et al., 1997) to highlight the lack of FeO in the units of
Facies C. Base image credit: NASA / GSFC / ASU. (D) Same perspective as (B)
overlain with Clementine FeO weight percentage information to highlight the relative
abundance of FeO in these units. This high weight percent of FeO is a diagnostic
characteristic of these mare deposits and clearly sets them apart from the ponded
ejecta units associated with Orientale Basin.
The stratigraphic setting of Facies C and D is identical to impact melt ponds and flows as
observed around smaller lunar complex craters (e.g., Hawke and Head, 1977, Osinski et
al., 2011, Neish et al., 2014). It is notable, however, that there do not appear to be any
distinct channels or obvious pathways that lead from the basin interior to the identified
impact melt flows and ponds.

As such, we must consider two scenarios for the

emplacement of Facies C and D:
1) In the first possible scenario, these impact melt-rich materials were emplaced
ballistically as part of the continuous ballistic ejecta blanket. Following emplacement, this
melt-rich material then drained out of the continuous ejecta blanket (i.e., Facies B) forming
the ponds and flows observed here.
2) In the second possible scenario, the impact melt-rich materials were emplaced
subsequent to ballistic ejecta deposition during the later stages of crater excavation and
modification as ground-hugging flows. This large amount of molten material would have
moved across the inner portion of the continuous ejecta blanket, leaving behind only a thin
veneer of melt, before slowing to flow and pond in accordance with local topography at a
greater distance from the basin centre.
Importantly, deposits of Facies C can be observed to embay the topographically higher
units of Facies B where the two meet (e.g., Fig. 9). This implies that Facies C and D were
emplaced after the deposition of the continuous ballistic ejecta blanket (Facies B), flowing
and ponding into local topographic lows that remained following the ballistic ejecta
emplacement. In addition, we have found no features or morphologies, such as channels,
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emanating from Facies B that would suggest that impact melt drained from the ballistic
ejecta. We also consider it improbable that melt which drained from the ballistic ejecta
blanket would have sufficient momentum or volume to form flows and ponds capable of
reaching hundreds of kilometers in length. As such, we favour the second scenario in
which a second, albeit overlapping, phase of ejecta emplacement occurred following the
deposition of the continuous ejecta blanket. The lack of connectivity between impact melt
deposits interior to the Cordillera ring and the outer deposits of Facies C and D is likely
due to a combination of factors. First, the highly fluid nature and high velocity of the melt
closer to the basin centre would have resulted in no or very little deposition of melt close
to the Cordillera ring. Any veneers that may have formed in this region would then be
difficult to identify due to subsequent micrometeorite bombardment and regolith formation
during the past ∼3.8 Ga.
As noted above, similar observations of impact melt flows overlying ballistic ejecta has
been documented in dozens of smaller complex impact (Hawke and Head, 1977, Osinski
et al., 2011, Neish et al., 2014). Osinski et al. (2011) hypothesized that the uplift and
subsequent collapse of the transient cavity floor during the modification stage of impact
cratering causes a small portion of the melt-rich crater-fill materials to be transported
outwards during the final stages of crater excavation and into the modification stage of
crater formation. This melt material is then transported as a ground-hugging flow over
previously emplaced ballistic ejecta until it loses outward momentum and settles into ponds
and flows in accordance with local topography. This is consistent with our observations
of Orientale, whereby the impact melt-rich materials now comprising Facies C and D were
transported outwards and emplaced on top of the previously emplaced ballistic ejecta of
Facies B (Hawke and Head, 1977, Osinski et al., 2011). Additionally, recent modeling of
the Orientale-forming impact (Johnson et al., 2016) shows the formation of a large central
uplift that quickly collapses outward, providing sufficient momentum to propel a large
portion of the melt-rich crater-fill material across the lunar surface beyond the transient
cavity rim. We suggest that the subsequent formation of the Cordillera ring cut off these
outer ponds and flows (Facies C and D) from the main region of ejecta melt collection
between the Outer Rook and Cordillera rings (Facies A). As the melt-rich material lost
outward momentum at radial distances ranging from ∼550 to 850 km, it slowed and began
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to flow as a function of the viscosity of the flow, lunar gravity, and in accordance with
local variation in topography. All of these pools and solidified flows appear overlain on
portions of the ballistic ejecta blanket showing that the formation of these flow and ponded
deposits postdate the emplacement of the ballistic ejecta.

Facies A – Interior Clast-rich Melt
Facies A contains two distinct components: km-scale blocks surrounded and embayed by
relatively flat-lying materials (Fig. 5). Both components of Facies A appear to have settled
and collected in the topographically low inter-ring region and are contained by the outer
topographically high boundary of the Cordillera ring. To the southwest of the basin centre
where the Cordillera scarp is not as well developed, Facies A material appears to have
moved farther outward, before being restrained by more distal topographic barriers. These
observations show that Facies A displays a morphology consistent with a clast-rich melt
material deposited at or just beyond the extent of the transient cavity for Orientale. This
interpretation is consistent with previous observations and interpretations of this region,
including those of McCauley (1977) and Scott et al. (1977).
As a whole, Facies A is similar to Facies C in terms of topographic setting and context.
Both facies collected in topographic lows which acted as natural collection points for meltrich materials. However, these two facies differ greatly in their appearance due to the
difference in their respective block content. We interpret the km-scale clasts within Facies
A as a mix of materials including blocks of autochthonous or parautochthonous host rock
that slumped into the still molten proto-Facies A during the modification stage of basin
formation along with some of the originally underlying ballistic ejecta that became
entrained in the melt-rich proto-Facies A during the turbulent modification stage of the
basin formation (Figs. 5 and 6). The slumping of autochthonous or parautochthonous host
rocks into solidifying impact melt sheets is a well-known phenomenon in craters on Earth
(Grieve et al., 1977).
In contrast, the melt deposits of Facies C and D which overlie the inner portions of the
continuous ejecta blanket (Facies B), appear to be relatively clast-poor. This lack of
entrained large clasts of country rock leads to an overall smoother appearance to the
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deposits of Facies C and D (Fig. 9, 11, 12, and 13). We suggest that this difference in clast
content is driven by the timing and the location of the facies formation and deposition with
respect to the formation the Orientale Basin as a whole. Given the Orientale Basin transient
cavity rim likely existed between where the Outer Rook and Cordillera rings are observed
today (Head, 1974, Fassett et al., 2011, Johnson et al., 2016), large amounts of ballistic
ejecta would have covered the area before being overlain by the subsequent layer of meltrich ejecta derived from the proto-impact melt sheet (i.e., interior to the Outer Rook ring).
In the region where Facies A now lies, intense faulting and steep slopes led to mixing of
ballistic ejecta, autochthonous or parautochthonous host rocks, and melt, creating the
chaotic appearance of this Facies. A portion of this secondary layer of melt-rich material
continued outwards to form the melt ponds and flows of Facies C and D, where less faulting
and lack of steep slopes, together with a continual decrease in energy of the flows, resulted
in significantly smoother clast-poor impact melt deposits.
We posit that the timing of the development of the Cordillera ring is key to the formation
of Facies A. Our observations together with recent numerical modeling studies (Johnson
et al., 2016) suggest that the formation of the Cordillera ring occurred subsequent to the
emplacement of the ballistic ejecta blanket (i.e., Facies B) but concomitant with the
outwards movement of melt-rich material from the proto-impact melt sheet that resulted in
the eventual formation of Facies C and D. The formation of Cordillera scarp created an
outer boundary for this low lying region, resulting in the collection of the majority of the
volume of the melt-rich ejecta materials; only the initial portion of this melt-rich ejecta
continued outward to flow and pond in accordance with pre-existing topography forming
Facies C and D. Evidence for this comes from the observation of several locations where
the innermost deposits of Facies C sit adjacent to, yet at a higher elevation than, the region
occupied by Facies A. Importantly, ponds of Facies C are truncated and separated from
Facies A by the Cordillera scarp (Fig. 6). As the Cordillera scarp formed there may have
been some back-flow from these topographically higher interior ponds of Facies C into the
developing topographic low region between the Cordillera and the Outer Rook rings.
However, continued mass movement along the Cordillera scarp long after the solidification
of the molten materials makes it difficult to determine the extent to which flow between
the interior melt ponds of Facies C and the topographically lower Facies A took place.
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Similar melt flows of melt-rich ejecta back into local topographic lows and crater interiors
have been observed around several other lunar impact craters including Tycho (Carter et
al., 2012, Neish et al., 2014), Copernicus (Dhingra et al., 2013), King (Ashley et al., 2012,
Neish et al., 2014), and Giordano Bruno (Bray et al., 2010). In summary, the low-lying
region between the Outer Rook and Cordillera rings appears to have been a collection point
for multiple types of basin ejecta.

Effect of Slope and Pre-existing Topography on Ejecta
Emplacement
As Orientale Basin is situated on the boundary between the nearside lunar lowlands and
the farside lunar highlands, there is an overall downslope trend toward the eastern portion
of the ejecta blanket. The portion of the lunar highlands to the northwest of Orientale has
an average topographic elevation of 6500 m, while the average topographic elevation of
the lowlands to the southeast of Orientale is approximately– 3000 m with respect to the
established lunar datum. This elevation difference across the Orientale ejecta blanket
results in a change in average elevation of 9.5 km across the entire ejecta blanket, or an
average slope of approximately 3.8 m of vertical change for every 1 km of horizontal
distance. Other smaller lunar impact craters (Hawke and Head, 1977, Bray et al., 2010,
Osinski et al., 2011, Neish et al., 2014), as well as impact craters on Venus (Johnson and
Baker, 1994) that occurred on sloped terrain have a preferential distribution of mobilized
ejecta material toward the low lying areas. As the ejecta blanket develops, materials –
especially melt-rich deposits – tend to extend or flow toward topographic lows (Osinski et
al., 2011, Neish et al., 2014). The upslope highland topography to the west of Orientale
Basin deterred the distal emplacement of melt-rich flows or ponds, which instead remained
near-rim. The two distinct groupings of distal melt-rich ejecta Facies (Facies C and D)
show that the ground-hugging flow of predominately molten material was affected by the
regional easterly downslope direction to a greater extent than ballistically emplaced ejecta
(Facies B). The two groupings of melt-rich ejecta show a cluster of distal flows (Facies D)
downslope to the east, and a cluster of proximal ponded melt-rich material (Facies C)
upslope to the northwest (Fig 2). We believe that this difference in radial emplacement
distance is primarily a function of the regional slope. By contrast, should the Orientale
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impact have occurred in an overall flat-lying region, removing the regional slope influence,
these two clusters of impact melt, having been distributed by equal forces, would have
likely flowed approximately equal distances from the basin centre.
To the northwest the larger units of Facies C collected and ponded closer to the basin centre
in regions of pre-existing flat or low-lying topography just outside the Cordillera ring. The
higher elevation of the northwest portion of the basin along with a regional upslope trend
toward the northwest would not have allowed this melt material to flow as far from the
basin centre as similar melt-rich ejecta deposits to the southwest and southeast. Thus, the
pre-existing topographic constraints promoted the proximal formation of these larger ponds
of melt material. This preferential emplacement of melt materials in the regional downslope direction has been noted for several other well preserved yet smaller scale impact
craters on the lunar surface, including Tycho (Carter et al., 2012, Neish et al., 2014),
Glushko (Carter et al., 2012), Mandel'shtam F (Denevi et al., 2012), Donner (Neish et al.,
2014), and King (Ashley et al., 2012, Neish et al., 2014) craters.
In addition to a difference in slope, the highlands to the west of Orientale are much more
rugged, providing a more complex interaction of pre-existing terrain and emplaced impactrelated materials. This region is host to several large impact craters and basin-sized impact
structures including Fridman Crater (102 km in diameter), Michelson Crater (123 km in
diameter) and Hertzsprung Basin (570 km in diameter). All of these structures pre-date the
formation of Orientale Basin and thus form part of the topography with which the Orientale
ejecta interacted during emplacement. It is clear that the increased height and slope of local
topography caused by the uplifted rims of these impact structures was enough to slow, and
partially divert the even distribution of Orientale ejecta flow material around these impact
structures. The portion of the ejecta flow material that overcame this topographic obstacle
then collected in the topographic lows of these crater interiors (Fig. 18). Similarly, to the
south of Orientale, the uplift associated with the rim of the large basin unofficially named
Mendel-Rydberg (∼630 km in diameter) acted as a semicircular barrier to an even
distribution of flow-based Orientale ejecta emplacement in this area (Fig. 19). There is an
observable redirection of the flow of ejecta materials around the topographic high
associated with this older basin.
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Figure 18: (A) LROC-WAC image showing Orientale Basin ejecta overprinting
Hertzsprung Basin (dashed line) and interacting with the associated topography.
Inset provides the location of this image (black box) on a simplified version of Fig. 4.
Base image: NASA LROC Wide Angle Camera Mosaic. Image Credit: NASA / GSFC
/ ASU. (B) Same perspective overlain with LOLA 1024 PPD elevation data to
highlight the low elevations of the basin centres and the high elevations of the basin
rims. White arrows indicate flow direction of Orientale ejecta. Image Credit: NASA
/ GSFC / ASU. (C) Same perspective with our mapped units overlain on the WAC
image. Hertzsprung Basin is indicated with the white dashed line. Orientale ejecta
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flow directions indicated by the black arrows. The Inner Rook ring is represented by
black line. Base image: NASA LROC Wide Angle Camera Mosaic. Image Credit:
NASA / GSFC / ASU.

Figure 19: (A) LROC-WAC image of Mendel-Rydberg basin visible but overprinted
with ejecta from Orientale Basin. Much of the Orientale ejecta flowed around the
uplifted rim of this pre-existing basin with some spilling over the north rim and filling
the topographic low at its base. Inset provides the location of this image (black box)
on a simplified version of Fig. 4. Base image: NASA LROC-WAC Mosaic. Image
Credit: NASA / GSFC / ASU. (B) Same perspective showing LOLA 1024 PPD
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elevation data to highlight the local topographic highs (basin rims) and topographic
lows (basin floors).

Arrows indicate Orientale ejecta flow directions due to

interaction with topography.

Base image: NASA LROC-WAC Mosaic.

Image

Credit: NASA / GSFC / ASU. (C) Same perspective with our mapped facies overlain
to better highlight the distribution of Orientale ejecta materials. White arrows
indicate ejecta flow direction. Base image: NASA LROC-WAC Mosaic. Image
Credit: NASA / GSFC / ASU.
It is important to note that these topographic features and the overall regional slope acted
as barriers only to the emplacement of ejecta from Orientale that flowed across the lunar
surface. Our observations indicate that the inner portions of Facies B (i.e., ballistically
emplaced portions of the ejecta blanket) along with the chains of secondary impact craters
from Orientale were not significantly affected by either slopes or the regional
topographically complex terrains that surround Orientale as these ejecta materials were
transported above the lunar surface.

Interpretation of Orientale’s Rings and Circularity
The Cordillera ring appears on our map as a solid yellow line representing a well-preserved,
characteristic, and distinctive circumferential scarp that surrounds nearly the entire basin.
This scarp is continuous and well-defined in all directions around the basin, except for in
the southwest region where the topography and ring expression become much more
complex. One possible explanation for why the Cordillera and Outer Rook rings are not
as well defined in this location is that the region was host to several large negative-relief
topographic structures prior to the Orientale-forming impact. When this southwestern
portion of the Cordillera ring is closely observed using multiple datasets, including LOLA
elevation, GRAIL gravity anomaly, and WAC images, a morphologic trends emerge in the
terrain that could point to the existence of several pre-existing impact structures measuring
between 60 and 150 km in diameter (Fig. 20) which disrupted the coherent development of
the Cordillera scarp. The remnants of these potential impact structures can be seen as
roughly circular rings of high topography encircling regions of low topography. Localized
high topographic features at the centre of each of these depressions are consistent with the
remains of central uplifts from these impact structures. The Outer Rook ring is likewise
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distorted from its mostly circular expression in this topographically complex southwestern
section. We suggest that without the presence of these pre-existing topographic features,
both the Cordillera and Outer Rook rings would be more complete and contiguous through
this southwestern section with a distinct region of low topography separating them, as is
the case around the most of the basin. When taking these topographic features into
consideration, we suggest that both the Outer Rook and Cordillera rings do in fact form
nearly circular rings. As such, contrary to several previous mapping efforts focused on the
Orientale region (e.g. Moore et al., 1974, Scott et al., 1977, McCauley, 1977, Spudis et al.,
2014), we propose that the boundary of the Cordillera ring is a quasi-circumferential and
semi-continuous distinctive scarp-face, and have denoted it as such in our map with a
dashed line running through the middle of this topographically complex southwestern
section (Fig. 4). We interpret this dashed line as the disrupted “rim-trace” of the Cordillera,
or the path along which the scarp face likely would have developed had there been no
disruption in the pre-basin topography. We suggest that this southwestern portion of the
Orientale ring region should be studied in further detail to better determine the exact
number and characteristics of the potential pre-Orientale impact structures.
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Figure 20: (A) LROC-WAC mosaic centered on Orientale Basin projected on to a
digital elevation model derived from the LOLA 1024 PPD elevation data. Colourized
based on the same elevation data with blue representing low elevations and red
representing high elevations. Projection is centered on the southwest portion of the
Cordillera ring that displays a greater degree of topographic complexity compared to
the well-defined circumferential scarp that is expressed around the rest of the basin
structure. Here mostly circular patterns in the high topography surrounding regions
of low topography are indicative of large impact structures that predate the formation
of Orientale. Localized areas of high topography can be observed at the centre of
each of these features possibly indicating the remains of a central uplift. Dataset
Credit: NASA / GSFC / ASU / JPL. (B) Same perspective and datasets as (A), with
the addition of white dashed lines indicating the extent of pre-existing impact
structures. Slight curvature to the uplifted topography in this region paired with the
remains of what appear to be central uplifts indicate the presence of four impact
structures which pre-date the Orientale impact. The presence of these structures at
the time of the Orientale impact resulted in the disruption of the formation of the
Cordillera scarp through this southwestern region. (C) Same perspective and 3D
projection, with LROC-WAC mosaic base image colourized with GRAIL Gravity
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Anomaly Data. Red represents high mass concentrations, while blue represents low
mass concentrations. In this same portion of the Cordillera ring, roughly circular low
mass concentrations also indicate the presence of preexisting topographic features
associated with impact structures. Dataset Credit: NASA / GSFC / ASU / JPL (D)
Same projection and colourization as (C) with the addition of four white dashed lines
to indicate the extent of the topographic signatures associated with four pre-existing
impact structures.
The presence of nearly circular rings in Orientale basin has implications for impact
incidence and for future numerical modeling of the basin-forming impact. A more circular
basin indicates that the impact angle for the event that formed the basin could not have
been lower than ∼15° (Gault and Wedekind, 1978, Schultz and D'Hondt, 1996, Herrick
and Forsberg-Taylor, 2003), as a shallower impact angles than this would have caused
asymmetries and the formation of elongated oval rings rather than the round rings
observed. However, additional analysis of the distribution of the secondary craters and the
distribution of what we interpret to be melt-bearing deposits around Orientale strongly
suggest an impact incidence higher than 15° and closer to 45° (see Section 5.4 below).

Bilateral Distribution of Ejecta and Interpreted Direction and
Angle of Impact
The asymmetric distribution of distinct secondary crater chains around the basin provides
strong evidence that Orientale Basin was formed by an oblique impact originating from a
northeast direction (c.f., Wilhelms, 1987, Schultz and D'Hondt, 1996, Spudis et al., 2014).
The overall distribution of secondary impacts shows a distinct bilateral symmetry along a
line running northeast – southwest (Fig. 18). The two longest secondary crater chains
mirror one another across this same line of symmetry, extending at right angles to this
described line toward the northwest and southeast (Fig. 4). It should be noted that on our
above map these lines appear curved due to the large scale of the mapped area and the map
projection used. The proposed downrange side of this line of symmetry to the southwest
of the basin is host to the majority of the distinct chains of secondary impact craters.
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The aforementioned “forbidden zone” lacking any secondary craters spans an
approximately 90° section of the northeastern portion of the Orientale ejecta blanket. This
pattern of secondary impact craters is consistent with that observed around other oblique
angle impacts (e.g., Herrick and Forsberg-Taylor, 2003). We believe based on the criteria
established in these previous studies, that the lack of secondary impact crater chains to the
northeast indicates that Orientale was formed by an oblique impact from the northeast. The
observed “forbidden zone” falls along the up-range side of the established line of bilateral
symmetry observed in other Orientale ejecta facies, and is almost perfectly bisected by this
same line (Fig. 21). It should also be noted that even if post-impact mare activity to the
northeast of Orientale basin had resulted in the overprinting of secondary crater chains,
there is no evidence that any secondary crater chains are present within the interior portions
of the continuous ballistic ejecta blanket (Facies A) in this same region. As the continuous
ballistic ejecta blanket is well-preserved and clearly not significantly affected by postimpact alterations, there is clear evidence to support the presence of a “forbidden zone”
lacking any significant emplacement of secondary crater chains to the northeast of
Orientale, regardless of subsequent mare activity.
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Figure 21: A sketch of Orientale Basin and ejecta facies illustrating the bilateral
distribution of ejecta materials along a line running northeast – southwest. The line
of bilateral symmetry is represented by the black dashed line and the impact direction
is indicated by the arrow at the southwestern end. A “Forbidden Zone” is denoted
by the grey dashed line to the northeast where no secondary crater chains are present.
Each of the ejecta faces are represented by the coloured outlines; Facies B in black,
Facies C in violet, Facies D in indigo, and Facies E in bluegreen. Note that the longest
crater chains of Facies E as well as the lines denoting the “Forbidden Zone are curved
due to the large scale of the map and the cylindrical map projection used.
The continuous ballistic ejecta blanket surrounding Orientale (Facies B) also displays hints
of this same bilateral symmetry across a northeast–southwest line through the basin centre
(Fig. 18). There are two regions where this facies is distributed at greater distances from
the basin centre; one to the northwest, and one to the southeast. In the northwest, Facies B
extends to ∼500 – 800 km from the Cordillera ring and in the southeast it reaches ∼350–
700 km from the Cordillera ring. Comparatively to the northeast the ballistic ejecta blanket
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(Facies B) reaches only ∼300 – 350 km from the Cordillera ring and to the southwest it
extends only ∼250 – 450 km from the Cordillera ring. This gives rise to a subtle “butterflylike” pattern of the ejecta similar to those observed for low-angle impacts (Hawke and
Head, 1977, Gault and Wedekind, 1978, Herrick and Forsberg-Taylor, 2003, Pierazzo and
Melosh, 2000, Schultz et al., 2007). It should be noted that because the continuous ejecta
blanket potentially includes some entrained materials from its ground-hugging ejecta
component, it is not as directly diagnostic of impact obliquity as the purely ballistically
emplaced secondary impact chains. Any such ground-hugging component could introduce
some bias in the distribution due to pre-existing topographic barriers. That being said, the
alignment of the main extensions of both Facies B and Facies E indicates that topography
did not have a significant influence on the overall pattern of ballistic ejecta blanket
emplacement.
A third piece of evidence supporting an oblique impact angle for the Orientale-forming
event is the overall distribution of melt-rich deposits around the basin. These deposits
would have been most heavily influenced by pre-existing topography, as they are almost
entirely ground-based flows. We believe that this topographic influence affected mostly
the radial distance from the basin centre at which these deposits occur, while the impact
direction determined the distribution and concentration of these facies around the basin
centre. The melt-rich deposits situated outside the Cordillera ring (Facies C and D) occur
in two distinct concentrations; a collection of large ponded deposits to the northwest and a
cluster of large melt flows to the southeast (Fig. 21). This directional distribution lines up
with the distribution of the ballistic ejecta blanket and the distribution of the secondary
impact craters and appears to indeed be indicative of impact direction and angle.
As observed by Herrick and Forsberg-Taylor (2003) low angle impacts on the Moon
develop asymmetries in the ejecta blanked starting at an impact angle of ∼45° and begin
to develop a distinct forbidden zone lacking any significant ballistic ejecta at even lower
impact angles starting at ∼25°. The oblique impact that formed Orientale Basin then most
likely occurred at some angle between 45° and 25° relative to the lunar surface, as there is
a distinct pattern in the ballistic ejecta blanket, but not a total exclusion of all ballistically
emplaced ejecta in the up-range impact direction. As mentioned above, the rings of
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Orientale Basin have also maintained an overall circular shape common to high angles of
impact relative to the surface. The angle of impact could not have been much lower than
15 – 25° without a distortion of the circular basin and rings to more elongated shapes.

Conclusions
Based on our detailed observations and careful demarcation of facies boundaries, we
believe that the map produced through this research effort (Fig. 4) is the most precise
representation of the ejecta facies around Orientale Basin to date. The availability of highresolution data products from recent lunar missions, including photographic, topographic,
and compositional datasets, allows for a more accurate study of this complex region than
ever before. Our observations demonstrate the presence of more impact melt-rich deposits
around the basin than had been previously mapped, especially to the southeast of the basin
centre.
Based on the distribution of all ejecta facies around the basin we conclude that Orientale
Basin was formed by a low-angle oblique impact (between 25° and 45°) from the northeast,
consistent with previous findings (c.f., Wilhelms, 1987, Schultz and D'Hondt, 1996, Spudis
et al., 2014). The bilaterally symmetrical distribution of all ejecta facies, both ballistically
emplaced and ground hugging flows, across a northeast/southwest line provides very
strong evidence for this impact scenario, especially when considered along with the
absence of secondary crater chains in the up-range direction of impact (Gault and
Wedekind, 1978, Herrick and Forsberg-Taylor, 2003). Both the impact direction and
incidence angle identified here should be taken into account for any future geophysical or
numerical modeling of Orientale basin in order to more accurately replicate both the
conditions and results of a modeled basin-scale impact.
We also conclude that for Orientale, the distribution of impact melt flows is heavily
dependent on pre-existing topography in the region of impact much like smaller simple and
complex lunar impact craters (Ashley et al., 2012, Carter et al., 2012, Denevi et al., 2012,
Neish et al., 2014). For an impact of the scale of Orientale, the role of topography must be
considered on a much larger scale. For Orientale Basin specifically this includes nearly
the entire eastern limb of the Moon. We believe that it is the regional upward sloping
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topography to the west, toward the farside lunar highlands, and the regional downward
sloping terrain toward the nearside lowlands, that created the dichotomy between the large
interior melt ponds to the northwest of Orientale (Facies C) and the more distal large melt
flow deposits to the southeast (Facies D). The trend at Orientale, similar to that around
many smaller scale craters is that the impact direction determined the direction in which
materials were ejected, but the pre-existing topographic slopes determine the maximum
distance from the basin that any ground-hugging ejecta can potentially reach (cf., Osinski
et al., 2011).
Finally, we have shown that there is a distinct stratigraphic order of the ejecta facies around
Orientale Basin, which indicates multiple phases of ejecta emplacement. The emplacement
of multiple layers of ejecta – an initial continuous ballistic ejecta blanket (Oberbeck, 1975)
– followed by a secondary deposition(s) of melt-rich ejecta emplaced via ground-hugging
surface flow, has been documented around smaller simple and complex impact craters
(Hawke and Head, 1977, Osinski et al., 2011, Neish et al., 2014). We believe that this
same multi-stage ejecta emplacement process occurred during the formation of Orientale
Basin and, therefore, likely all multiring basins.
While the relatively well-preserved ejecta surrounding Orientale provides a clear picture
of the facies emplacement, the same methods used here could be applied in future studies
to other similarly sized basins in order to provide insight into both the impact history of the
lunar surface and the formation of basin-scale impacts.
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Chapter 3

Detailed Morphologic Mapping and Interpretation of Ejecta
Deposits from Tsiolkovsky Crater
Introduction
Tsiolkovsky Crater is an ~180 km diameter impact structure centered at (20.4º S, 129.1º E)
on the far side of the Moon (Guest and Murray, 1969; Wilhelms and El-Baz, 1977) (Fig.
22). The crater is ~5.7 km in depth and features a central peak structure that rises ~3.3 km
above the crater floor. The age for Tsiolkovsky is estimated to be at least 3.2 Ga, and the
crater structure as well as the associated ejecta materials covering the surrounding lunar
surface are remarkably well preserved (Guest and Murray, 1969; Greenhagen et al., 2016).
The Tsiolkovsky impact occurred into the farside anorthositic lunar highland terrain and is
unique among other impacts of similar size in the region due to the presence of post-impact
mare infilling that covers much of the crater floor (Guest and Murray, 1969; Pieters and
Tompkins, 1999).
Several previous studies have focused on this farside crater. Guest and Murray (1969) used
Lunar Orbiter imagery to study the morphology of the crater and associated ejecta material.
Their work resulted in the first geomorphologic map of the Tsiolkovsky region. Howard
and Wilshire (1975) used this Apollo era morphologic map to analyze the distribution of
ejecta materials around Tsiolkovsky and infer that the impact direction for the Tsiolkovskyforming event was from the north – northwest due to the deposition of a majority of the
melt-bearing ejecta toward the south – southeast. Most recently, Greenhagen et al. (2016)
studied Diviner-derived rock abundance maps as well as circular polarization ratio radar
data from the Mini-RF instrument onboard the Lunar Reconnaissance Orbiter (LRO) and
found that the Tsiolkovsky crater walls and inner portions of the associated ejecta blanket
have a uniquely high rock abundance, despite the estimated 3.2 Ga age.
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Figure 22: LROC-WAC mosaic image of Tsiolkovsky crater and the surrounding
region (B) Same perspective of Tsiolkovsky crater with the colourized LOLA 1024
PPD gridded elevation data overlain on the LROC-WAC mosaic. A local linear
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stretch is applied to the elevation data with the highest local elevations represented in
red and the lowest in violet. Base image credit: NASA / GSFC / ASU.
In this study, we present a detailed geomorphological map of the Tsiolkovsky Crater
interior and surrounding ejecta units through detailed analysis of modern high-resolution
imagery as well as compositional and topographic data. This work forms part of an
ongoing initiative to understand impact ejecta emplacement processes on the Moon and
throughout the Solar System. Our current understanding of impact ejecta emplacement
stems from the founding work of Oberbeck (1975) who proposed that the majority of solid
material ejected during the impact process takes the form of variably sized blocks that
follow ballistic trajectories from the crater above the planetary surface, reimpacting at, or
beyond, the transient crater rim, before continuing to flow outward a short distance. This
material covers the surface surrounding an impact crater forming a continuous ballistic
ejecta blanket. Howard and Wilshire (1973) and Hawke and Head (1977) used Lunar
Orbiter data to show that deposits interpreted to be impact melt often occur ponded on top
of the continuous ejecta blanket of lunar craters.

Osinski et al. (2011) provided

observational evidence from simple and complex terrestrial, lunar, Martian, and Venusian
impact craters that illustrates how impact crater ejecta is emplaced in two main stages; the
initial stage of ballistic ejecta emplacement forming an aerially-dominated ejecta deposit
(e.g.., Oberbeck, 1975), which is followed by a second flow-dominated emplacement phase
of melt-rich materials atop the ballistically emplaced ejecta (c.f. Osinski et al. 2011). The
focus of this work is to address whether this observed emplacement relationship between
ballistic ejecta and melt-rich ejecta material scales to basin-sized craters given the
additional scaling and structural complexities compared to smaller simple and complex
impact structures. One recent example, extending these ejecta relationships to basin-sized
impacts, is the mapping and analysis of the Orientale Basin by Morse et al. (2018) which
showed clear evidence for melt-rich flows and ponds overprinting and overlying the
continuous ballistic ejecta blanket. Tsiolkovsky Crater provides an additional example of
a well-preserved lunar impact structure that shows clear signs of impact obliquity that
allows for an expansion of this investigation to identify the relative timing of the
emplacement of melt-poor versus melt-rich ejecta materials around a smaller wellpreserved lunar impact structure.

Our new mapping of Tsiolkovsky enables the
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identification of specific locations and amounts of different types of ejecta units as well as
detailed patterns in the overall ejecta emplacement that confirm additional parameters of
the Tsiolkovsky-forming impact event including the specific impact angle and impact
direction.

Methods
Our analysis and mapping of Tsiolkovsky crater and the associated ejecta materials
generally relies on two datasets; ~100 m/pixel images taken by the Lunar Reconnaissance
Orbiter Wide Angle Camera (LROC-WAC) (Robinson et al., 2010) and 10 – 50 cm vertical
resolution elevation data derived from the Lunar Orbiter Laser Altimeter (LOLA) onboard
LRO (Chin et al., 2007). The combination of these two data products enabled us to analyze
the combined surface morphology and morphometry of the crater, including the
surrounding area, and to subdivide the region into distinct geomorphologic units based on
observed surface texture, relative tonality, the expression of topographic structures, and
relationship with preexisting topography and slope.
We used the Java Mission-planning and Analysis for Remote Sensing (JMARS) program
(Christensen et al., 2009) to map unique morphologic units of ejecta materials and crater
interior deposits by drawing polygons to encompass the extent of regions displaying
geomorphologic features with similar characteristics. We also used JMARS to document
the geographic setting, stratigraphic relationships, and total surface area of each mapped
unit (Table 2).
Where possible, certain areas were observed in greater detail using ~0.5 – 1 m/pixel LROCNarrow Angle Camera (LROC-NAC) images (Robinson et al., 2010). The use of the highresolution NAC images allowed for the visualization of small-scale (on the order of 5–10
m) topographic features and surface textures.

This enabled us to better define the

boundaries and stratigraphic relationships between different units.

Additionally,

Clementine Ultraviolet/Visible (UVVIS) derived FeO abundance datasets (Lucey et al.,
1995; Blewett et al., 1997) were utilized to differentiate crater-related units from mare
materials based on relative composition rather than observed morphologies (e.g., impact
melt and mare morphologic similarities). The LOLA elevation data was used to visualize
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a 3D digital elevation model (DEM) in JMARS. The DEM was overlain with LROC-WAC
images to create a 3D perspective of Tsiolkovsky and the surrounding terrain. This method
allows for the visualization of local topography from variable viewing angles and provides
a 3D context for the stratigraphic relationships of each of the observed units. This in-turn
enabled us to better understand and characterize the spatial relationships of both the
mapped morphologic units and observed topographic features.

Results and Unit Descriptions
We identified and mapped the extent of six distinct morphologic units of impact-related
ejecta materials along with the crater walls/terraces, central uplift, and post-impact mare
fill. All nine units were combined to form a new morphologic map of Tsiolkovsky crater
(Fig. 23 Map). Further details about each of these mapped units are provided below and
summarized in Table 2. In addition to mapped units, the crater rim is marked as a line
denoting the present-day highest topographic points around the crater. Our mapping of the
crater rim shows that it is elliptical, with a ~200 km diameter major axis running northwestsoutheast, and a ~180 km diameter minor axis running northeast–southwest. This main
map and all subsequent images of the lunar surface are presented as simple cylindrical map
projections.
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Figure 23:

Morphologic map of Tsiolkovsky crater and the associated ejecta

materials. The crater rim is marked by a brown line. Individual crater-related units
are colourized as noted in the included map key. Each ejecta unit is described below
and summarized in Table 2. Map presented as a simple cylindrical map projection.
Base image: LROC-WAC derived hillshade mosaic. Base image credit: NASA /
GSFC / ASU.
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Table 2: Brief summary and measurements for the mapped units around and
within Tsiolkovsky Crater
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Unit A
Unit A extends from the crater rim outward in all directions, covering a total surface area
of ~130,000 km2 (Table 2). The distance to which this unit extends from the crater rim
varies around the crater. To the southwest, Unit A reaches a maximum distance of ~270
km from the crater rim (Fig. 25). In contrast, to the northwest this unit extends only ~5 km
from the crater rim.
Unit A is characterized by a series of sinuous grooves and ridges oriented radially to the
crater centre (Fig. 24). These radial textures extend throughout the area covered by this
unit and become somewhat subdued in topographic expression toward the outer edge of
the unit. Unit A material is observed to overprint and modify preexisting topographic
features around Tsiolkovsky including both topographic lows such as preexisting impact
crater floors and topographic high features such as ridges and preexisting crater rims (Fig.
24B).
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Figure 24: (A) LROC-WAC image showing the radially oriented ridges extending
from the crater rim to the northeast. Image coverage and location relative to the
crater and ejecta blanket is indicated by the rectangle on the inset map. The crater
rim is visible in the lower left of the image. (B) Colourized LOLA 1024 PPD gridded
elevation data is shown overlain on the LROC-WAC mosaic to illustrate local
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topographic highs (red) and lows (violet). The radial ridges of Unit A can be seen to
overprint the topographic highs and lows associated with preexisting impact
structures. Base image credit: NASA / GSFC / ASU.

Unit B
Unit B is identified as distinct linear chains of similarly sized circular depressions oriented
radially from the crater centre (Fig. 25). The depressions range in size from a minimum of
0.9 km to a maximum of 6.6 km in diameter. These chains of depressions are overlain by
material from Unit A where the two units coincide, but are not completely infilled by Unit
A material. These features become less-modified with increasing distance from the crater
centre, especially beyond the extent of Unit A. The chains of depressions composing Unit
B extend from a minimum distance of 200 km from the crater centre toward the south and
to a maximum distance of 550 km from the crater centre toward the northeast (Fig. 23).
Aside from Unit A, the deposits of Unit B do not coincide with any of the other mapped
morphologic unit.
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Figure 25: (A) LROC-WAC Mosaic of a distinct chain of depressions extending
~60km radially from the crater centre to the southwest. Location and extent of image
coverage relative to the crater is indicated by the rectangle in the inset map. The
white dashed ellipse encloses the indicated crater chain. White arrow indicates a line
radial to the crater centre to the southwest. (B)LOLA 1024PPD elevation data
overlain on the LROC-WAC mosaic and colourized to illustrate the local topographic
highs (red) and lows (violet). The chain of depressions is enclosed by the white dashed
ellipse. The depressions are clearly observable as topographically lower than the
surrounding lunar surface. Base image credit: NASA / GSFC / ASU.
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Unit C
Unit C consists of smooth deposits that are relatively flat, and an average slope of just 5.3°
(Table 2). These deposits are all constrained within local topographically lows that are
partially to fully enclosed by higher-standing topography comprising Unit A (Fig. 26).
Several deposits of Unit C material are observed interior to the crater rim on the terrace
blocks of the interior crater wall; however, the majority of Unit C deposits are located
exterior to the crater rim, approximately 45 – 100 km beyond the crater rim (Fig. 23).
Individual Unit C deposits range in size from ~3.2 km2 to 284.6 km2. Collectively, the
units of Unit C materials cover an area of 1,704 km2. Many deposits of Unit C are located
near or are contiguous with Unit D, which is described below. All observed deposits of
Unit C material located beyond the crater rim overlie Unit A material.
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Figure 26: (A) LROC-WAC mosaic image of deposits of Unit C material situated in
local topographic lows among Unit A material on the eastern crater rim. Unit C
deposits are indicated by the white arrows. Location and extent of this image is
indicated by the rectangle in the inset map. (B) LOLA 1024 PPD elevation data
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overlain on the LROC-WAC mosaic and colourized to illustrate the changes in local
topography. Red indicates high elevations while violet indicates low topography.
This image illustrates the flat surfaces of the Unit C deposits compared to the rugged
landscape of the Unit A material. Base image credit: NASA / GSFC / ASU.

Unit D
Unit D consists of a smooth surfaced material that forms lobate extensions down local
topographic slopes into topographic lows (Fig. 27). Deposits of Unit D material mainly
occur beyond the crater rim to the south and southeast of the crater centre, extending from
the topographically high rim to a maximum distance of ~95 km across the exterior lunar
surface. A limited number of Unit D deposits also occur to the northeast of the crater
extending to a distance of ~75 km from the crater rim, or within the crater rim on the
southern and western crater walls (Fig. 23). Individual deposits of Unit D material range
in size from 12.3 km2 to 2084.3 km2, the largest of which is located directly south of the
Tsiolkovsky impact and extends into a local topographic low of a preexisting impact
structure. Collectively, deposits of Unit D material cover a total surface area of ~5,400
km2.
Many Deposits of Unit D are located adjacent to, or are contiguous with, deposits of Unit
C. The units of Unit C and Unit D appear to be composed of the same material, but the two
units express distinct surface morphologies and topographic settings (Fig. 28) that may be
related to their setting and emplacement. Many deposits of Unit D material are
distinguished by a channelized appearance in the local downslope direction with slight
topographic build-ups or levees to either side (Fig. 28D). All deposits of Unit D located
beyond the crater rim are observed to overlie Unit A material.
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Figure 27: (A) LROC-WAC mosaic image of a lobate deposit of Unit D extending
from a local topographic high near the crater rim into a topography low of a
preexisting impact crater. This deposit can be seen to overprint the surrounding Unit
A material. The location and extent of the image relative to the crater are indicated
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by the black rectangle on the inset map. (B) LOLA 1024 PPD elevation data overlain
on LROC-WAC mosaic and colourized to indicate changes in local topography. This
image shows the extension of the lobate deposit from the topographically high terrain
near the crater rim (red) to the topographic low of the preexisting crater (violet). Base
image credit: NASA / GSFC / ASU.

Figure 28: (A) LROC-WAC mosaic image showing connected deposits of both Units
C and D extending down a local topographic slop away from the southeaster rim of
Tsiolkovsky. Boxes indicate were insets C and D are centered within the regional
context. (B) Same perspective as A with our mapped units overlain on the LROCWAC mosaic image. The interior crater wall is seen in yellow, Unit A in blue, Unit
C in pink, and Unit D in purple. (C) LROC-NAC image of a relatively flat-surfaced
deposit of Unit C material within a local topographic low and bounded by
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surrounding topographically higher terrain. This sub-image is centered on the box
labeled C in sub-images A and B. (D) LROC-NAC image of a lobate extension of
Unit D extending down a local topographic slope toward the bottom of the image.
Distinct levees can be observed at the outer edge of this deposit as well as a diversion
of the unit around a local topographic obstacle. This sub-image is centered on the
box labeled D in sub-images A and B. Base image credit: NASA / GSFC / ASU.

Unit E
There exists a large lobate landform that extends ~75 km to the northwest of the
Tsiolkovsky rim which we have mapped here as Unit E (Fig. 29). This landform extends
from the topographically high Tsiolkovsky Crater rim to the topographically lower floor of
a larger pre-existing impact structure that was partially overprinted by the Tsiolkovsky
impact. Unit E features linear striations that extend radially to the crater centre, at first
glance similar to those of Unit A (Fig. 24). However, the linear surface features of Unit E
are thin (~0.5–1 km spacing) (Fig. 29) and straight; whereas the radial features of Unit A
are typically more curvilinear and with wider spacing (~2–5 km) (Fig. 24). This lobate
landform covers a total surface area of 6,977 km2 and can be observed to overprint the
interior portions of several of the continuous secondary crater chains that extend to the west
beyond the Tsiolkovsky continuous ballistic ejecta blanket (Fig. 29C). There is a distinct
drop-off in topography from the outer edge of this lobate landform to topographic low of
the pre-existing impact crater floor beyond (Fig 29B and 29D). This differs from the outer
edge of Unit A which transitions gradually to the pre-existing lunar topography, rather than
ending in a distinct topographic scarp.
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Figure 29: (A) LROC-WAC mosaic image of the western rim of Tsiolkovsky and the
lobate landform labeled Unit E. Unit E material can be observed extending from the
topographically high Tsiolkovsky crater rim down toward the topographically lower
floor of a larger pre-existing impact structure. (B) Same perspective as A, with
colourized LOLA 1024 PPD elevation data overlain on the LROC-WAC mosaic
image. The red line represents the location of the topographic profile presented in D.
The white arrow points to the exact point of transition from Unit E material to
external lunar surface material. (C) A section of our map is provided to highlight the
boundaries of Unit E and where it overprints portions of the continuous ballistic
ejecta blanket (Unit A) and the inner portion of three distinct secondary crater chains
(Unit B). (D) Topographic profile of the Unit E unit using the LOLA 1024 PPD
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elevation data. This profile follows a transect as indicated by the red line in B. The
white arrow points to the exact transition from Unit E material to external lunar
surface material. Base image credit: NASA / GSFC / ASU.

Crater Fill Deposits
This mapped unit is characterized as a blocky to hummocky uneven terrain covering
portions of the Tsiolkovsky Crater floor (Fig. 30). The blocks observed in this unit range
in size from ~0.5 km to ~9.5 km across. The area between these blocks and hummocks is
relatively smooth with occasional lobate features weaving around the topographically
higher blocks toward the crater centre (Fig. 30). This unit is predominantly expressed as a
single large deposit situated along the interior base of the crater wall, on the northern
portion of the crater floor (Fig. 23). Smaller deposits of this unit are located along the
interior base of the crater wall, covering the southwest and southeast extents of the crater
floor. These deposits are overlain by the central mare deposit toward the crater interior
(Figs. 22 and 23). The deposits of this unit collectively cover a total surface area of 1,895
km2.
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Figure 30: LROC-NAC stereo pair showing both the large blocky / hummocky and
the smooth surfaced components of the crater fill deposits found near the base of the
crater wall. White dashed line indicates the boundary between Unit E (north) and
the crater centre mare fill (south). The location and extent of this figure in relation
to Tsiolkovsky crater is indicated by the white box on the inset map. Image credits:
LROC-NAC images M1095665593RE and M1095665593LE.

Central Mare Unit
Located in the centre and lowest portion of Tsiolkovsky Crater is a dark toned-unit that
expresses little to no measurable slope (Table 2). This unit is observed to embay other
crater filling deposits as well as the Tsiolkovsky central uplift and is bounded at the outer
edges by the topographically higher crater walls (Fig. 31A). Several small fractures on
the order of ~5 – 10 km in length are visible in this unit around the central uplift and to the
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northeast and northwest extents of the deposit (Fig 10B). This central dark-toned unit
displays a characteristic iron-rich signature in the Clementine UVVIS FeO abundance data
(Lucey et al., 1995; Blewett et al., 1997), while the surrounding crater walls, rim, ejecta
materials, and exterior lunar surface all display a distinctively low FeO abundance in
contrast (Fig. 31C). This central dark deposit covers a total surface area of 12,424 km 2.
Given the strong iron signature, and overall visual appearance and topographic setting, we,
along with other researchers have interpreted this unit to be mare infilling that occurred
after the formation of Tsiolkovsky (Guest and Murray, 1969; Pieters and Tompkins, 1999).
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Figure 31: (A) LROC-WAC image of the dark toned, flat lying mare material
covering the floor of Tsiolkovsky crater. (B) LROC-NAC image showing a close-up
view of several of the fractures in the mare deposit. Fractures are indicated by the
white arrows. (C) Clementine UVVIS FeO Abundance map of the same region. The
mare materials show a significantly higher FeO abundance than the surrounding
crater and ejecta materials. Base image credits: LROC-WAC and LROC-NAC NASA / GSFC / ASU, Clementine FeO Abundance Map – Lucey et al. (1995), Blewett
et al. (1997).
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Crater Wall / Terrace Region
The crater wall/terrace unit is defined as the sloped and cliff-forming terrain between the
crater rim and the crater floor (Fig. 23). This region is marked with abundant freestanding
boulders as well as terraces upon which the interior deposits of Units C and D are draped.
There are also numerous rock falls among the terraces and along the base of the crater walls
due to the steep slope of this unit. The crater walls cover a total surface area of 15,050
km2. The crater walls are bordered to the exterior by Unit A as well as discontinuous
deposits of both Unit C and Unit D material. The crater walls are bordered at the base by
both mare and crater fill deposits.

Central Peak
We have denoted the area of raised topographic feature near the centre of Tsiolkovsky as
the central peak of the crater (Fig. 23). The central peak covers a total surface area of 804
km2, and rises ~3.3 km above the surrounding mare. There is a single central peak flanked
to the east and west by a sinuous ridge of elevated topography (Fig. 32A). The relatively
steep slopes of this central peak feature (average slope of 16.4°) have allowed for multiple
rock falls that have left boulder trails along the peak faces and collected at the base of the
central peak (Fig. 32B).

The central peak feature is embayed on all sides by the

surrounding mare material. The Clementine UVVIS FeO abundance dataset (Lucey et al.,
1995; Blewett et al., 1997) reveals that the central peak is compositionally distinct from
the surrounding mare material (Fig. 31C). The central peak has a relatively low FeO
abundance similar to the surrounding lunar terrain beyond the crater rim, while the
surrounding mare has a relatively high FeO abundance (Fig. 31).
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Figure 32: (A) LROC-WAC mosaic image of the topographically high central peak
of Tsiolkovsky Crater surrounded on all sides by the dark-toned, flat surfaced mare
deposit covering the central crater floor.

The main peak is observed at the centre,

with a sinuous ridge of high topography extending to the east and west on either side.
(B) LROC-NAC image provides a close-up view of several boulder trails that can be
observed extending down the steep slopes of the central uplift. Base image credit:
NASA / GSFC / ASU.

Interpretations and Discussion
Units A and B – Ballistic Ejecta
Based on the above morphologic description and continuous deposition around the crater
rim, we interpret Unit A to be the continuous ballistic ejecta blanket of the Tsiolkovsky
impact. Similarly, the features of Unit B are interpreted as chains of secondary impact
craters due to the distinct radial orientation of crater clusters and the nearly overlapping
positions of the craters within these chains. These secondary crater chains were formed by
relatively large, coherent and high velocity solid blocks initially ejected by the formation
of Tsiolkovsky and emplaced ballistically across the exterior lunar surface (c.f. Oberbeck,
1975). The secondary craters formed either just prior to, or simultaneously with the
emplacement of Unit A, as evidenced by the infilling of these secondary craters with
ballistic ejecta blanket material where the two units overlap (Fig. 33).
Following the ballistic deposition model of Oberbeck (1975), the thickest portion of the
continuous ballistic ejecta blanket (Unit A) would be located near the transient cavity rim,
and become progressively thinner with increased distance from the crater. Observations
of Unit A are consistent with this interpretation, as the dominant radial pattern of this unit
is pronounced near the crater rim, and fades toward the distal edge of the deposit, where it
transitions gradually into the topography of the unmodified lunar surface. Additionally, the
chains of secondary craters are better preserved as the distance from the main crater
increases due to the thinning of the overprinting continuous ballistic ejecta blanket.
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Figure 33: (A) LROC-WAC mosaic image centered on the western portion of the
Tsiolkovsky continuous ballistic ejecta blanket. The third longest secondary crater
chain is visible running northeast – southwest across this image. Boxes indicate the
locations of sub-figures C and D. (B) Same perspective as A, with our mapped units
overlain to clearly illustrate the boundaries of each unit. (C) LROC-NAC image of
the interior of a secondary crater chain. Here the craters are partially obscured by
material deposited ballistically after the formation of the distinct crater chain. (D)
LROC-NAC image of the distal end of the same secondary crater chain. Here the
secondary craters are more discernable. There is no overprinting by the continuous
ballistic ejecta blanket as this area is beyond the maximum distance reached by Unit
A material. Base image credit: NASA / GSFC / ASU.

Units C and D – Ejected Melt Materials
All of the deposits of Units C and D express a smooth surface texture. Unlike the previously
described ejecta units, the emplacement of both Units C and D was affected by pre-existing
topographic features. Unit C forms smooth, flat-lying deposits that approximate an
equipotential surface, consistent with the pooling of partially liquid or molten material that
collects and fills pre-existing local topographic lows. Thus, we interpret the deposits of
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Unit C to be ponds of impact-melt rich material. The lobate morphology Unit D deposits
is observed to extend down topographic slopes toward regional topographic lows. These
deposits of Unit D embay or are emplaced around topographic obstacles (Figs. 27 and 28).
Almost all of the observed deposits of Unit D are either directly connected to the crater rim
region, or indirectly connected to the rim via the ponds of Unit C. All of these observations
are consistent with emplacement via a ground-hugging flow that was subject to these
topographic constraints (e.g. Osinski et al., 2011; Neish et al., 2014; Morse et al., 2018).
Thus, we interpret deposits of Unit D to be flows of emplaced melt-rich material that extend
down local pre-existing topographic slopes. All identified units of both Unit C and Unit D
collectively overprint the radially grooved texture of Unit A (Figs. 27 and 28). Based on
superposition and cross-cutting relationships, we interpret Units C and D to have been
emplaced as melt-bearing materials that occurred after the deposition of the continuous
ballistic ejecta blanket (Unit A) and secondary impact crater chains (Unit B) at the end of
the excavation stage of crater formation and into the modification stage (e.g. Hawke and
Head, 1977; Osinski et al., 2011; Neish et al., 2014; Morse et al., 2018).
The difference in surface morphology between Units C and D is a result of the preexisting
local topographic conditions in which these units were deposited, and thereby emplacement
style. Deposits of Unit C could not form the lobate flow textures of Unit D as the
constituent material settled and collected in enclosed topographic lows and is bounded by
surrounding higher topographic obstacles. Deposits of Unit D form flows of impact meltrich material due to their deposition onto preexisting sloping terrain, and a lack of bounding
topographic obstacles which allowed this material to freely extend outward in the direction
of local topographic lows.
The total number of interpreted melt deposits collectively observed in Units C and D
combined with the orientation and stratigraphic position of these deposits extending away
from the crater rim and overprinting other ejecta units, both indicate that this melt-bearing
material could only have been generated by the Tsiolkovsky impact. There are no other
fresh impact craters of sufficient size in the immediate region that could have deposited
this melt-bearing material. Likewise, there are no observed volcanic vents in the region
that could have produced these flows. Additionally, the deposits of Unit D material occur
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on average slopes of ~7.9º (Table 2). These slopes are too shallow to allow for large scale
dry debris flows to form, as the angle of repose for lunar regolith is accepted to be ~31º
(Quaide and Oberbeck, 1968). This removes gravity driven dry debris flows as a possible
origin for the lobate features observed in Unit D. Thus we can infer that the deposits of
Unit D must have behaved in part as a low-viscosity molten or liquid material in order to
flow down these relatively shallow slopes.
The Unit C melt pond deposits display some morphologic characteristics that are similar
to those observed in the mare deposits that cover the crater floor. Both Unit C deposits and
the mare deposit display smooth, flat surfaces and exist in relative topographic lows.
However, it is possible to distinguish between mare deposits and ejecta melt ponds based
on both comparative tonality and a stark contrast in FeO abundance. The melt pond
deposits of Unit C display the same visible tonality as the surrounding ballistic ejecta (Unit
A) and ejecta melt flow deposits (Unit D). In contrast, the central mare deposit appears
much darker in the WAC and NAC images (Fig. 36). Additionally, the central mare deposit
displays a high FeO abundance in the Clementine UVVIS FeO abundance dataset (Lucey
et al., 1995; Blewett et al., 1997). The melt pond units of Unit C display the same low FeO
abundance as the surrounding Tsiolkovsky ballistic ejecta (Unit A) and ejected melt ponds
(Unit D) (Fig. 34).
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Figure 34:

(A) LROC-WAC mosaic image of the mare covering the floor of

Tsiolkovsky crater. (B) Clementine UVVIS FeO abundance map illustrating the
relatively high FeO abundance within the mare unit (Lucey et al, 1995; Blewett et al.
1997). (C) LROC-WAC mosaic image of ponded melt-rich ejecta materials (Unit C)
to the east of the crater rim. (D) Clementine UVVIS FeO abundance map of the same
region covered in C, illustrating that the melt-rich ponds show relatively low FeO
abundance, similar to the surrounding crater and ejecta units. Base image credit:
NASA / GSFC / ASU.

Unit E – Large Near-Rim Lobate Deposit
Unit E shares some morphologic similarities with the other ejecta units discussed above.
The lobate appearance of this feature and observed emplacement in accordance with local
topography are similar to the characteristics displayed by the smaller flow deposits of
ejected melt-rich material (Unit D). However, the size of the overall Unit E deposit along
with the noted radially oriented linear features are more consistent with sections of the
continuous ballistic ejecta blanket (Unit A). This specific combination of observed
morphological features makes Unit E a unique feature in the Tsiolkovsky region. There
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are few other known surface features on the Moon that are an exact match for the
morphology of this unit.
The topographic setting of Unit E provides an important constraint when considering the
origin of this feature. Unit E is located on the outer flank of the northwest Tsiolkovsky rim
which overprints the floor of a larger unnamed impact structure. The material uplifted to
form the Tsiolkovsky rim in this region has been subjected to at least one previous largescale impact event and is thus likely composed of previously brecciated material. The floor
of the older unnamed crater presents a large open and relatively smooth-surfaced plane at
the base of the Tsiolkovsky rim. Our observations and mapping show that Unit E
originated near the Tsiolkovsky rim and spread down the slope, onto the pre-existing crater
floor at the base, overprinting portions of several secondary crater chains (Unit B) in the
area (Figs. 23 and 29). LROC images show that the northern extent of Unit E turns to the
right and continues to follow the contour of local topography to the northeast (Fig. 29).
Thus we suggest that the large lobate landform of Unit E represents either a gravity driven
landslide of Tsiolkovsky rim material, or a lobate portion of the continuous ejecta blanket.
Both possibilities are discussed at length in section 3.4.6 below.

Crater Fill Materials
We have observed that the deposits of crater fill material are composed of two distinct
components; large coherent blocks surrounded and draped by a matrix of smooth surfaced
material (Fig. 30). Based on the size and distribution of the large blocks and hummocks,
we interpret these features to be coherent solid sections of either the inner-most portion of
the continuous ballistic ejecta blanket, blocks of country rock that originally composed the
transient cavity rim and wall that collapsed during the energetic excavation and
modification stages of the impact crater formation, or a combination of both large blocks
of ballistic ejecta and country rock which mixed together during the modification stage of
crater formation forming this observed crater fill deposit. The second component of the
crater fill deposits is composed of the smooth surfaced material amongst the larger blocks
(Fig. 30). The surface morphology of this component of the crater fill units is similar to
the melt-rich ponds and flows of Unit C and Unit D. We interpret this component to be
portions of the impact melt sheet that collected in the topographically low crater interior.
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This interior melt sheet would have covered the crater floor before being overprinted itself
by the mare deposit observed at the centre of the crater. The deposits of crater fill material
are most prominent at the base of the crater walls where the ballistic ejecta and blocks of
wall and rim material are the most concentrated. Additional crater fill materials would
have originally covered a larger portion of the crater floor than is visible at present. Any
deposits of crater fill materials near the centre of the crater would have been overprinted
and obscured by the subsequent mare volcanism which infilled the central crater floor.

Comparison to Previous Mapping Efforts
Current maps of Tsiolkovsky Crater and the surrounding ejecta deposits are based on the
initial 1969 photogeologic map by Guest and Murray (1969). This map identifies many of
the same features we discuss in this paper, including the continuous ballistic ejecta blanket,
secondary crater chains, the central peak, central mare, and the lobate feature to the
northwest. However, the Guest and Murray (1969) mapping was limited by the resolution
and lighting conditions of a single set of Lunar Orbiter images. While the general location
and shape of the identified deposits correlates well between the two maps, the work we
present here identifies the boundaries and specific locations of each of the identified ejecta
units in greater detail. Additionally, we identified several features that were not noted in
this previous work, including the numerous individual melt pond and flow deposits (Units
C and D) around the crater rim and extending to the south-southeast portion of the ejecta
blanket.
Another notable comparison can be made between our new morphologic map and the MiniRF circular polarization ratio (CPR) map and analysis of the regional surface roughness
around Tsiolkovsky presented in Greenhagen et al. (2016). The authors of this work used
the CPR dataset to propose the existence of surface melt flow deposits that are interpreted
to have a surface roughness at a scale of ~10cm, and are highlighted by high CPR values.
Greenhagen et al. (2016) interpret the region to the south-southeast of Tsiolkovsky with
distinctly high CPR as a large continuous melt flow deposit (Fig. 35A). When compared
with our morphologic map several points along this large lobate region of high CPR do
align with the prominent melt ponds and flows we have identified as Units C and D (Fig.
35B).
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Figure 35: (A) Circular Polarization Ratio (CPR) data from the Mini-RF overlain
on the LROC-WAC mosaic and colourized to show low CPR values in blue and high
CPR values in red. There is a notable region of relatively high CPR values extending
from the crater rim toward the southeast. White arrows indicate locations near the
edge of this region of high CPR which match with the locations of our mapped meltrich ejecta deposits. Colourized CPR image provided by Dr. Catherine Neish. (B)
Morphologic map of Tsiolkovsky overlain on the WAC-derived hillshade dataset.
White arrows indicate locations where our mapped melt-rich ejecta deposits coincide
with the outer edge of the identified lobe of high CPR values to the southeast of the
crater. Base image credit: NASA / GSFC / ASU.

Origin and Potential Formation Mechanisms for Unit E
One possible explanation for the formation of the near-rim lobate landform labeled here as
Unit E is that it is a lobate ejecta feature similar to those observed around rampart craters
on Mars (e.g. Carr et al., 1977; Mouginis-Mark, 1978; Melosh, 1989) (Fig. 36B). These
craters host continuous ejecta blankets which end at their distal margins in coherent lobate
landforms. Most of these lobate landforms feature radial surface striations as well as a
distinct topographic high which forms a berm or rampart before dropping down to the
topographically lower pre-existing Martian surface. These craters are classified as either
single layered ejecta (SLE), double layered ejecta (DLE), or multi-layered ejecta (MLE)
depending on the number of discrete continuous layers of ejecta material that can be
identified around the crater (Barlow et al., 2000). There is a general morphologic similarity
between the lobate landform to the northwest of Tsiolkovsky (Unit E) and the distal edge
of SLE and DLE crater (Fig. 36B). However, many of the proposed formation mechanisms
for ramparts around SLE, DLE, and MLE craters on Mars invoke either the inclusion of
volatiles (frozen or liquid water) in the ejecta material (Carr et al., 1977; Mouginis-Mark,
1981), or interactions with the Martian atmosphere (Schultz and Gault, 1979) to partially
fluidize the ejecta material and form the lobate landforms. Such explanations would not
suffice for the lunar surface, as neither the required atmospheric interactions, nor the
necessary quantities of volatile-rich material to fluidize a portion of the ejecta blanket are
present. However, other studies have suggested that the fluidization of ejecta material can
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be cause by the production of large amounts of impact melt alone (Osinski, 2006). If the
generation of large amounts of impact melt is sufficient to fluidize ejecta layers, then it
would be possible to produce an entirely melt-driven fluidized portion of an ejecta blanket
on the lunar surface that would appear similar to the observed feature at Tsiolkovsky.
A second potential explanation for the Unit E feature is that it is a large-scale landslide
triggered by the partial collapse of an unstable portion of the western Tsiolkovsky rim
during or after the modification stage of impact crater formation. Unit E does bear a
resemblance to landslide features observed on other airless bodies including both Ceres
(Schmidt et al., 2017) (Fig. 36C) and Mercury (Brunetti et al., 2015) (Fig. 36D). Previous
work (e.g. Guest and Murray, 1969; Melosh, 1989; Boyce et al., 2016) has suggested that
this feature near Tsiolkovsky is indeed a long run-out landslide, with Boyce et al. (2016)
proposing that the large lobate structure near Tsiolkovsky is comprised of multiple
individual landslide events that occurred in the same area, but initiated at slightly different
times. Boyce et al. (2016) also calculated the total volume of this potential landslide
deposit to be ~2,984 km3. Assuming that the rim of Tsiolkovsky originally extended
around the crater at approximately equal elevation on all sides, and given the elevation
measurements for the lower section of the present day western rim, we calculate an
estimated potential volume of up to 2,000 km3 of rim material could have collapsed down
and outward, to contribute to the formation the Unit E landform. This would account for
most, but not all of the reported volume of Unit E; however, results for calculating the
volume of the Unit E deposit vary depending on the estimated thickness of the deposit. If
the formation mechanism for Unit E is in fact a gravity-driven landslide triggered by partial
rim collapse, we suggest that features of similar morphology and relative scale would be
more prevalent across the lunar surface.
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Figure 36: (A) LROC-WAC image centered on the lobate landform to the northwest
of the Tsiolkovsky rim, interpreted here as Unit E. (B) CTX image centered on the
eastern portion of a single layered ejecta blanket and rampart around Punsk Crater
on Mars. Punsk crater is centered at (20.8° N, 41.2° W) and is 11.6km in diameter.
Image credit: NASA / Caltech / MSSS. (C) Image from the Dawn spacecraft of a
lobate Type 1 landslide feature on Ceres. This landslide extends ~20km down the rim
of a pre-existing impact structure and out across the relatively flat crater floor. (D)
Mercury Dual Imaging System MDIS image taken by the Messenger spacecraft of a
lobate landslide feature on Mercury. This landslide extends ~6km down the interior
wall of an impact crater which is ~20km in diameter.
Similar external lobate structures can be observed on the outer flanks of the 90 km diameter
Langmuir Crater located at (35.7º S, 128.4º W) (Fig. 37 A and B) and the 150 km diameter
Drygalski Crater located at (79.3º S, 84.9º W) (Fig. 37 C and D). Both of these additional
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lobate features are similar in scale relative to their respective host craters as the lobate
feature included here as Unit E is in relation to Tsiolkovsky. These features outside
Langmuir and Drygalski Craters are both observed along the slope associated with the
raised crater rims, and extend outward on to the base of an older crater floor. All three of
these lobate patterns are associated with topographically low portions of their host crater
rims, and all three of these features completely overprint the relatively smooth surface of
the large preexisting topographically low crater floor that they appear to flow into. To date,
no detailed morphologic studies of either of these additional lobate features have been
conducted, making both features topics for future investigation.

Figure 37: Additional near-rim external lobate features observed around other lunar
impact structures of similar size to Tsiolkovsky. (A) LROC-WAC Mosaic image
centred on Langumir Crater, illustrating a large near-rim external lobate feature
extending from the crater rim toward the south into the larger preexisting Chebyshev
crater.

The white arrows highlight the outer edge of this feature. (B) Same
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perspective as A, overlain with the LOLA 1024 PPD elevation data to highlight the
local changes in topography. (C) LROC-WAC Mosaic image centred on Drygalski
Crater, illustrating a large near-rim external lobate feature extending from the crater
rim toward the south into the preexisting Ashbrook crater. The white arrows
highlight the outer edge of this feature. (D) Same perspective as C, overlain with the
LOLA 1024 PPD elevation data to highlight the local changes in topography. Base
image credit: NASA / GSFC / ASU.
Regardless of the exact formation process for Unit E, estimations about the timing of the
emplacement of this unit can still be made. Unit E is observed to be a continuous lobe of
material that overprints both the morphology of the continuous ballistic ejecta blanket (Unit
A) and the interior portions of several of the linear secondary crater chains (Unit D) (Fig.
29). This leads us to conclude that the material composing Unit E was emplaced after the
deposition of Units A and B. As Unit E does not coincide with the melt-rich ejecta material
of Units C and D, no overprinting relationships exist that would provide insight regarding
the relative timing of emplacement of these units. Thus Unit E could have may have been
emplaced either immediately following the deposition of the continuous ballistic ejecta
blanket, or at a later time following all other instances of impact-related surface
modification.

Stratigraphic Order of Ejecta Units
Despite the fact that each of the mapped ejecta units were emplaced within minutes of one
another, the slight time differences in each individual unit emplacement allowed for a
distinct stratigraphic order to be established as evidenced by the aforementioned
overprinting of specific units. The order of emplacement for each of the mapped ejecta
units is as follows: 1) Units A and B – the continuous ballistic ejecta blanket and secondary
crater chains were emplaced, 2A) Units C and D – the melt-rich ejecta material was ejected
as a secondary episode of ejecta emplacement, forming flows and ponds, and 2B) Unit E –
the large lobate landform to the northwest of the crater was emplaced, overprinting portions
of Units A and B. However, since there are not direct cross-cutting relationships between
Units C, D, and E, it is possible that the large lobate landform of Unit E was emplaced
before, during or after the emplacement of Units C and D.
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Our work provides a modern mapping-based approach to identifying the location and
stratigraphic orientation of the identified ejecta units; however; it is important to note that
similar ejecta stratigraphies have been reported in the past. Apollo era datasets were used
in several studies of impact crater and ejecta morphology (e.g. El-Baz, 1972; Howard and
Wilshire, 1975; Hawke and Head, 1977) to identify melt-bearing ejecta overprinting
ballistic ejecta blankets near the rim of several lunar impact structures including several
well-known deposits near Tycho, King, Copernicus, and Aristarchus craters. Hawke and
Head (1977) specifically conclude that the observed melt deposits must have been
emplaced after the continuous ballistic ejecta blanket, near the end of the modification
stage of impact crater formation as rebound of the crater floor and slumping of the crater
walls forced melt-rich material collected within the developing crater out onto and over the
crater rim.

The deposition of these melt-rich deposits must have occurred later in the

impact cratering process after the initial deposition of ballistic ejecta order for the observed
melt flows, ponds, and veneers to overprint the ballistic ejecta deposits. Specific to
Tsiolkovsky ejecta, Hawke and Whitford-Stark (1982) showed that the well-preserved
lobate deposits to the northeast of the crater rim (included as deposits of Unit D in our map)
were comprised of melt-rich ejecta originating from the Tsiolkovsky impact, and that the
overprinting of the continuous ballistic ejecta deposits by these melt deposits indicates that
they were emplaced after the initial ballistic sedimentation occurred.

All of these

observations are consistent with the concept of a multi-stage emplacement model for
impact ejecta (Osinski et al. 2011), which proposes that a second distinct stage of melt-rich
ejecta emplacement occurs after, and on top of the primary ballistic ejecta blanket. Our
mapping of the Tsiolkovsky ejecta and interpreted stratigraphic order of ejecta units
provides additional evidence for a multi-stage process for the emplacement of ejecta
materials that is consistent with this model.

Morphologic Unit Distribution Patterns
There is a distinct bilateral symmetry to the distribution of the continuous ballistic ejecta
blanket (Unit A) and the secondary crater chains (Unit B) along a line running northwestsoutheast through the crater centre (Fig. 38). Each of the described ejecta units is observed
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to mirror its own emplacement distance and surface distribution across this line. This line
of symmetry also describes the major axis of the elliptical crater rim.

Figure 38: A line sketch of Tsiolkovsky crater and associated ejecta units illustrating
the bilateral symmetry to the distribution of ejecta materials along a line running
northwest-southeast. This line of symmetry is indicated by the black dashed line. The
arrow at the southeast end of this line indicates the interpreted impact direction for
the Tsiolkovsky-forming impact event. A “Forbidden Zone” is denoted by the grey
dashed line to the northwest were no secondary crater chains are present and the
continuous ballistic ejecta blanket is significantly truncated. Each of the mapped
ejecta units are represented by the coloured outlines; Unit A in black, Unit B in green,
Unit C in magenta, and Unit D in purple. Note that the longest chains of secondary
craters (Unit B) extend perpendicular to the noted line of bilateral symmetry and that
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both the long axis of the elliptical crater rim and the observed forbidden zone both
parallel this line of symmetry.
The continuous ballistic ejecta blanket (Unit A) is expressed as two distinct lobes that
extend perpendicular to this line of symmetry; one main lobe to the northeast where the
ballistic ejecta extends to the maximum radial distance of ~270 km and a second lobe to
the southwest where the ejecta blanket reaches a distance of ~200 km from the crater rim
(Fig. 38). Conversely, the extent of ballistic ejecta emplacement is shortened parallel to
the line of symmetry. Unit A barely extends beyond the crater rim to the northwest, while
in the southeast it only extends to a distance of ~100 km from the crater rim (Figs. 23 and
38). The chains of secondary craters (Unit B) also follow this line of bilateral symmetry.
The longest of these secondary crater chains extend perpendicular to the line of symmetry
reaching distances of ~455 km from the crater rim to the northeast and ~395 km from the
crater rim to the southwest. These two longest chains are positioned directly opposite one
another across the described line of symmetry (Figs. 23 and 38).
We suggest that there are two possible explanations for this observed lack of ejecta
materials to the northwest of the crater. First, the presence of a pre-impact topographic
high acted as a barrier, effectively shielding this region from being overprinted by any
ejecta materials resulting from the Tsiolkovsky impact. Topographically high terrain
adjacent to an impact target has been shown to be capable of shielding a planetary surface
from impact ejecta (Hawke and Head, 1977). In the case of Tsiolkovsky, the rim and
exterior lunar surface to the northwest of the crater rim are topographically higher than the
surrounding area (Fig. 22). This could indicate that the terrain to the north and west of the
developing transient cavity at the time of ballistic ejecta emplacement was even higher, but
was subsequently overprinted by the expanding crater interior. However, it should be noted
that the elevation of the Tsiolkovsky crater rim to the east is equally as high as the rim to
the northwest. There is no observable shielding of the exterior lunar surface to the east
from the deposition of the continuous ballistic ejecta blanket (Unit A) or secondary crater
chains (Unit B) by the topographic high of the eastern rim.
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A second possibility is that the lack of secondary craters and truncated ballistic ejecta
blanket represent a “Forbidden Zone” where, in low angle impacts, ballistic ejecta
emplacement is limited in the up-range direction (Gault and Wedekind, 1978; Herrick and
Forsberg-Taylor, 2003). Past studies using Lunar Orbiter and Apollo images also suggested
an oblique-angle impact for the Tsiolkovsky-forming event based on the distribution of the
observed ejecta materials (Howard and Wilshire, 1975; Whitford-Start and Hawke, 1982).
A low-angle impact for the Tsiolkovsky Crater-forming event is now further supported as
the identified forbidden zone is aligned with the previously discussed line of bilateral
symmetry that runs through the crater centre. Previous studies (e.g. Moore, 1976; Gault
and Wedekind, 1978) have shown that lines of bilateral symmetry in ejecta distribution
align with the impact direction of the crater-forming event. Furthermore, Tsiolkovsky
Crater itself is elliptical, with its major axis running along this identified line of symmetry.
Additionally, the two longest continuous chains of secondary craters extend perpendicular
to this line of symmetry. These observations further support a southeast impact direction,
as well as a low angle impact for the Tsiolkovsky-forming event, as impact angles of ≤ 15º
are required to distort the overall crater shape from circular to elliptical in line with the
impact direction (Gault and Wedekind, 1978; Herrick and Forsberg-Taylor, 2003).
Previous work has also shown that lunar impacts must occur at angles ≤ 25º to form a
discernable forbidden zone devoid of ballistic ejecta (Gault and Wedekind, 1978; Herrick
and Forsberg-Taylor, 2003). As impact crater planforms become increasingly elongated
as the impact angle is lowered, and the Tsiolkovsky Crater rim in its present state is not
significantly elongated, the Tsiolkovsky-forming impact must have occurred at an angle
near the upper boundary of impact angles capable of forming elliptical craters. Thus we
conclude that the Tsiolkovsky-forming impact must have occurred at an angle of ~15º –
25º toward the southwest direction.
It is important to note that the melt-rich ejecta deposits (Units C and D) do not display the
same bilateral symmetry to their overall emplacement as is common to both ballistic ejecta
units. Instead, the majority of the melt flows and ponds observed around Tsiolkovsky are
situated in local topographic lows, such as pre-existing impact craters, located to the south
and east of the Tsiolkovsky Crater rim (Fig. 23). Additionally, there are several smaller
deposits of melt-rich material extending from the crater rim to the northeast and to the west
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of the crater centre (Fig. 38). We suggest that the melt-rich ejecta unit distribution is a
function of both local topographic constraints and overall impact direction (c.f. Hawke and
Head, 1977; Neish et al., 2014; Morse et al., 2018). The majority of the melt-rich ejecta
deposits are found in the interpreted downrange direction for the Tsiolkovsky-forming
impact. However, the distance at which these deposits are found from the crater centre is
a result of the preexisting slope on which they were deposited. The farthest-reaching meltrich deposits are the melt flows of Unit D. These deposits are found on steeper slopes, and
extend down into regional topographic lows. In comparison, the majority of the observed
melt ponds (Unit C), are found near the crater rim, as their constituent material was
confined by local topographic obstacles and unable to travel farther from the crater rim.

Conclusions
The analysis of distinct ejecta unit distribution presented here are the most precise
representation of the locations, extents, and boundaries of the Tsiolkovsky ejecta deposits
produced to date. We believe that this new morphological map, and the insights into the
Tsiolkovsky Crater impact angle and direction will add additional context to studies of the
lunar surface in and around the Tsiolkovsky impact structure. The overprinting
relationships of the melt-rich ejecta material atop the melt-poor continuous ballistic ejecta
blanket is consistent with observations at other lunar craters including Copernicus, Tycho,
King, and Humboldt (Howard and Wilshire, 1975; Hawke and Head, 1977; Neish et al.
2014) and with the concept that impact ejecta emplacement is a multistage process (Osinski
et al. 2011).
Finally, we have shown that careful mapping of the distribution ejecta deposits around an
impact crater can reveal details about the impact conditions, including impact direction and
angle. Here we conclude, based on the presence of a pronounced forbidden zone to the
northwest (Fig. 38), as well as the elongation of the crater and bilateral distribution of ejecta
units along a northwest-southeast line (Fig. 38), that the Tsiolkovsky-forming impact
occurred at an angle of ~15º to 25º toward the southeast.
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Chapter 4
Detailed Morphologic Mapping of the Interior of the
Schrödinger Basin in Support of the Proposed HERACLES
Lunar Sample Return Mission
Introduction
Schrödinger Basin is a 312 km diameter impact structure centered at (75.0°S 132.4°E) near
the south pole of the Moon (Fig. 39). Schrödinger is considered one of the best-preserved
examples of a peak ring impact basin in the Solar System (Wilhelms et al., 1979;
Shoemaker et al., 1994) yet to date, has not been visited by a lunar surface exploration
mission. Beyond the well-preserved peak ring structure, Schrödinger hosts a plethora of
additional intriguing geologic features including a network of extensional grabens,
multiple volcanic deposits, ejecta material from several external subsequent impact
structures, and potential material uplifted from the massive South Pole – Aitken basin
(SPA). All of these features have made Schrödinger a likely target for near-future surface
missions and the subject of numerous studies in preparation for this next generation of
lunar exploration (e.g. Kring et al., 2014; Kring et al., 2016; Steenstra et al., 2016). In this
study, we contribute to this growing body of work by conducting the most detailed
morphologic mapping of the central basin region produced to date. We then use this new
mapping and analysis of basin materials to produce a proposed rover traverse, including a
list of potential stops featuring geologically significant and easily accessible targets for a
future rover-based sample return mission to the inner Schrödinger region.
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Figure 39: (A) Schrödinger basin in LROC-WAC mosaic. (B) Same perspective
overlain with LOLA 1024 PPD elevation data, colourized as indicated in inset key to
illustrate topographic changes within and around Schrödinger Basin. White lines
indicate the extend of the series of grabens running throughout the basin floor. Base
Image Credit: NASA / GSFC / ASU
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Background
Geologic Setting
Schrödinger Basin measures ~312 km in diameter and ~4.5 km in depth. The basin features
a peak ring structure that is ~ 150 km in diameter and rises up to ~3 km above the primarily
flat-lying deposits covering much of the basin floor. The age for Schrödinger is estimated
to be ~3.8 Ga in age (Wilhelms et al., 1979; Shoemaker et al., 1994; Kramer et al., 2013;
Kring et al., 2016), and the basin structure is considered to be one of the best-preserved
examples of a peak ring basin on the lunar surface (Shoemaker et al., 1994; Kring et al.,
2016). The basin floor also hosts volcanic features including both mare and pyroclastic
deposits as well as a network of extensional grabens (Wilhelms et al., 1979; Shoemaker et
al., 1994; Gaddis et al., 2003; Mest, 2011; Kramer et al., 2013; Shankar et al., 2013).
Schrödinger Basin is situated inside the southern rim of the South Pole – Aitken (SPA)
Basin, the largest and oldest impact structure observed on the lunar surface (Wilhelms et
al., 1979). Due to the uplift generally associated with impact crater central peak and peak
ring formation, it has been proposed that the Schrödinger peak ring structure is partially
composed of SPA material excavated from depth (Kramer et al., 2013; Kring et al., 2016).
This makes Schrödinger Basin an ideal target for a sample return mission given the
potential of sampling impact materials of a wide range of ages. Analysis of samples from
this region would provide the opportunity to perform dating analysis that would place
constrained ages on both the Schrödinger and SPA impact structures. The presence of the
aforementioned volcanic materials also makes Schrödinger a target of significant interest
due to the potential presence of trace amounts of volatiles within the volcanic materials
that would indicate potential for future in-situ resource utilization processes (Kring et al.,
2014; Steenstra et al., 2016).

HERACLES Proposed Mission Architecture
The Human-Enhanced Robotic Architecture and Capability for Lunar Exploration and
Science (HERACLES) mission concept is an ongoing collaboration between the Canadian
Space Agency (CSA), European Space Agency (ESA), and Japan Aerospace Exploration
Agency (JAXA). The primary goal of the HERECLES mission concept is to use a human
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assisted rover platform to collect geologic samples of lunar surface material for return to
Earth (Landgraf, 2016). In concert with this effort, the CSA is conducting a Science
Maturation Study into the design and implementation of their Precursor to Humans And
Science Rover (PHASR) concept. The CSA has tasked researchers at Western University
with conducting this Science Maturation Study which includes the design and detailed
description of a proposed rover traverse plan within Schrödinger Basin on the Moon. The
current HERACLES mission architecture proposes sending a lander with a rover platform
to the lunar surface. Both of these pieces of mission hardware would be designed to survive
through a minimum of two lunar night cycles. This would enable a total primary mission
time of approximately 1130 hours of operation or 47 Earth-days. The proposed length of
mission allows a maximum rover traverse distance of approximately 85 km across the lunar
surface, including up to 20 stops for analysis and sampling of lunar material. The rover
will contain a sample container with a volume of 16 kg. This sample container must be
returned to the lander in order return the collected samples to Earth for additional laboratory
analysis. Thus, any proposed traverse plan must be a closed-loop, starting and ending at
the lander platform.

PHASR Lunar Surface Study Area
The CSA PHASR maturation study has identified four main areas of scientific
investigation that have guided the selection of a landing region and the potential sample
locations where materials would be collected. Four priority science themes have been
defined:
1.

Impact Cratering Processes: Acquire samples and in-situ measurements of

Schrödinger Basin impactites to provide insight into peak ring basin formation, impact
melting, and shock metamorphic processes, and to understand the provenance of uplifted
and excavated lunar crustal materials.
2.

Lunar Chronology: Return lunar samples to the Earth from Schrödinger basin in

order to constrain the early bombardment history of the solar system, characterize the lunar
crust, and constrain the thermal evolution of the Moon.
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3.

Lunar Volcanics: Acquire samples and in-situ measurements of mare and

pyroclastic volcanic deposits within Schrödinger basin to provide a clear view of the
overall history of lunar volcanism and its relation to the Moon’s thermal and compositional
evolution.
4.

Prepare for the Return of Humans to the Lunar Surface: Analyze the topographic,

radiation, and temperature environments on the lunar surface and search for trace evidence
of volatiles within Schrödinger basin in order to provide important information for future
human activity on the Moon.
In order to identify a location within Schrödinger basin that best addresses the questions
inherent in these main science goals, a potential landing site selection workshop was held
at Western University. During this workshop a number of researchers collectively studied
high-resolution remote sensing datasets including 100 m/pixel LROC-WAC and 0.5 m per
pixel LROC-NAC images along with 1024 PPD Lunar Orbiter Laser Altimeter (LOLA)
topographic elevation data and Clementine compositional datasets covering the interior of
Schrödinger basin. The group was instructed to identify any sites of morphologic or
compositional interest within the centre of the basin and to sort any identified sites of
interest into one of the following categories: mare material, pyroclastic material, floor
material, peak ring material, post-Schrödinger impact crater material, floor graben, or
other. Preference was given to locations that were accessible to a rover platform and where
a sample could be obtained via either a drill core into solid rock such as a large boulder or
via a scoop sample of unconsolidated material such as regolith. A total of 186 locations of
significant scientific interest were identified and mapped within Schrödinger in order to
identify which location contained the highest density of features of high scientific value
(Fig. 40).

A region in the northern half of the basin centre, within the peak ring, was

chosen as the target region for the proposed rover traverse. A short and efficient nominal
traverse within this proposed region would enable the rover to visit a number of sites and
collect a diverse suite of samples which address questions associated with all four of the
above main science themes. Visiting this selected region would also allow the rover to
access other more distant parts of the basin interior during any potential extended mission
beyond the main sample collection and return period.
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Figure 40: LROC-WAC image of Schrödinger Basin. Points of significant scientific
interest as identified during the landing site selection workshop are illustrated within
the basin and colourized based on broad categories as follows: Red – Mare Deposits,
Orange – Pyroclastic Deposits, Yellow – Peak Ring Material, Green – Post
Schrödinger Impact Materials, Blue – Extensional Graben Material, and Purple –
Basin Floor Materials. Base Image Credit: NASA / GSFC / ASU.

Previous Mapping Efforts
As Schrödinger has been a target of great interest for future lunar surface missions,
geologic maps of the basin as a whole have been continually updated as modern remote
sensing datasets become more detailed. Previous mapping efforts include Shoemaker et
al. (1994), Mest (2011), Kramer et al. (2013), and Shankar et al. (2013). Each of these
maps identify key features of the basin interior including the peak ring, mare units, and
pyroclastic deposits. Each of these previous works also identify and map the distinct
network of extensional grabens running throughout the basin interior. However, there are
several subtle differences between the previously completed maps in terms of exact shape
and extent of individual unit borders, and in how the basin floor is divided into sub-units
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of geologic materials.

For example, Shoemaker et al. (1994) divided the basin floor into

3 morphologic units, while Mest (2011) mapped the basin floor as composed of 5
morphologically distinct units, and Kramer et al. (2013) divided the basin floor into six
morphologically and spectrally distinct units. Shankar et al. (2013) instead present the
basin floor as a single unit identified as interior impact melt material. In contrast with these
previous efforts, the new map we present here does not attempt to cover the entire basin,
but instead focuses on a region limited to the northeastern basin floor associated with a
portion of the central peak ring. This enables our map to capture morphologically distinct
units in greater detail at a smaller mapping scale compared to previous works within the
region of the proposed PHASR primary and extended traverses.

Methods
This analysis and mapping of the Schrödinger Basin floor relied on several high resolution
datasets obtained by NASA’s Lunar Reconnaissance Orbiter (LRO). These include ~100
m/pixel images taken by the Lunar Reconnaissance Orbiter Wide Angle Camera (LROCWAC) (Robinson et al., 2010), ~0.5 m/pixel images taken by the Lunar Reconnaissance
Orbiter Camera - Narrow Angle Camera (LROC-NAC), 10 – 50cm vertical resolution
elevation data derived from the Lunar Orbiter Laser Altimeter (LOLA) onboard LRO (Chin
et al., 2007), and Circular Polarization Ratio (CPR) data derived from the Miniature Radio
Frequency (Mini-RF) instrument onboard LRO. Additionally, we used FeO abundance
maps created using Clementine spectral data (Lucey et al., 1995; Blewett et al., 1997) to
differentiate between the relatively iron-rich volcanic deposits, and the relatively iron-poor
surrounding basin materials. The combination of all of these data products enabled us to
analyze the surface morphology of the basin floor and surrounding peak ring in order to
subdivide the region into distinct units based on observed surface texture, relative tonality,
the expression of topographic structures, and relationship with preexisting topography.
We used the Java Mission-planning and Analysis for Remote Sensing (JMARS) program
(Christensen et al., 2009) to map unique geomorphologic units of Schrödinger impact
materials as well as post-impact deposits in the basin interior by drawing polygons to
encompass the extent of regions displaying like- geomorphologic characteristics. We also
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used JMARS to document the measured surface area, geographic setting, and stratigraphic
relationship of each mapped unit (Table 3).
Certain areas, including the immediate region surrounding the proposed landing site, were
observed and mapped in greater detail using the ~0.5 – 1 m/pixel LROC-NAC images
(Robinson et al., 2010). The use of the high-resolution NAC images allowed for the
visualization of small-scale (on the order of 5 – 10 m) topographic features and surface
textures. This enabled us to further refine the boundaries between different morphologic
units near the landing site and to map small-scale features, including boulders on the order
of 5 m across. This level of detail near the landing site allows us to identify potential
obstacles to both landing and initial rover traverses, as well as select potential sampling
locations near the landing site where the initial samples could be obtained.
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Table 3: Summary and measurements for the mapped units within Schrödinger
Basin

Results and Unit Descriptions
Morphologic Mapping
For the main geomorphologic map produced, we identified and mapped in detail the extent
of eight distinct morphologic units and significant features across the northern half of the
basin floor interior to the central peak ring. Three additional small-scale units are included

139

in the inset morphologic map of the area immediately surrounding the proposed PHASR
landing ellipse. All eleven units were combined to form a morphologic map of the
Schrödinger Basin interior (Figs. 41 and 42). This main map and all included images of
the lunar surface are presented as simple cylindrical map projections. Further details about
each of these mapped units are provided below and summarized in Table 3.

Figure 41: New morphologic map of Schrödinger Basin interior. All units mapped
as indicated in the included map key. The solid white line represents nominal rover
traverse, the dashed green line represents optional extended rover traverse paths, and
the purple dashed line represents potential extended mission rover traverse path.

140

Base image LROC-WAC mosaic. Simple cylindrical map projection used. Base
Image Credit: NASA / GSFC / ASU.

Figure 42: Inset small-scale morphologic map of landing ellipse and surrounding
region. All morphologic units mapped as indicated in included map key. Blue circle
represents proposed landing ellipse. White circle represents wider threshold
landing region. White line represents nominal rover traverse path. Simple
cylindrical map projection used. Base image: LROC-WAC mosaic. Base Image
Credit: NASA / GSFC / ASU.
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Unit A
The discontinuous ring of elevated topography near the middle of the basin is mapped here
as Unit A (Fig. 41). This unit consists of large coherent uplifted blocks of material that
rise abruptly from the basin floor. These units reach elevations of up to ~3 km from the
basin floor and have steeply sloping sides at the outer edges. At several locations along
the base of this unit, material can be observed to have fallen down these slopes as debris
falls. Several of these deposits have distinct boulder trails that are traceable up the slopes
indicating the point of origin among the elevated terrain for the fallen materials (Fig. 43).
The mapped deposits of Unit A cover a total of 2,500 km2 within the mapped region, or
17% of the total mapped area.

Figure 43: LROC-NAC image of 4 distinct boulder trails extending down the interior
slope of the Schrödinger peak ring. Each of these trails is indicated by the white
arrows. Location relative to the rest of the Schrödinger Basin interior is indicated by
the white box on the inset map.
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Units B and C
Near the centre of the basin there are three distinct dark toned units denoted here as Units
B and C. Unit B consists of a single deposit centered at approximately (138.92ºE, -75.26º
N) covering a total surface area of ~1035 km2 (Fig. 44). Unit C consists of two deposits
centered at (136.43º E, -73.47º N) and (134.54º E, -73.92º N) (Fig. 44). These two deposits
cover a total surface area of ~450 km2. Both Units B and C consist of materials that are
visibly darker in tonality than the surrounding basin floor materials. Units B and C feature
flat surfaces, with little change in slope throughout. The average slope measured within the
boundary of Unit B is 2.4° and the average slope measured within the bounds of the
deposits of Unit C is 1.2°. Furthermore, both Units B and C show significantly higher
FeO abundance compared to the surrounding basin materials in the Clementine spectral
mapping data. The main difference between these units, and the reason we have separated
them into two distinct morphologic units, is the different manner in which they interact
with preexisting topography. Unit B surrounds a prominent linear depression with a wider
elliptical depression at the centre of the deposit (Fig. 44). From this central point Unit B
material is observed to drape the surrounding region and all preexisting topographic
features with layer of dark material that is thin enough to allow small preexisting
topographic details to still be visible (Fig. 44A). In contrast, the deposits of Unit C are
observed to have collected in local topographic lows and embayed higher topographic
features with layer of material that is thick enough to have completely overprinted smaller
topographic features.
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Figure 44: LROC-WAC image of the interior basin floor. Three distinct dark
patches can be observed in this image labeled Unit B to the east and two labeled Unit
C to the west. A large topographic depression can be observed at the centre of the
Unit B deposit. (B) Same perspective overlain with Clementine FeO abundance map.
These three units can each be observed to have a significantly higher FeO abundance
that the surrounding basin units. Base Image Credit: NASA / GSFC / ASU.
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Unit D
Unit D identifies the extent of a network of long linear depressions that run throughout the
central basin floor. These depressions range from ~5 m to 300 m in depth and vary in
width from ~800 m to 5.5 km. These features have steeply sloping walls and flat-lying
floors. The features of Unit D appear to roughly follow two trends in orientation, either
radial to the basin centre, or concentric with the peak ring and basin rim (Fig. 39). These
patterns in the distribution of these topographic depressions are also noted by Shoemaker
et al. (1994). Several of these depressions do split or branch into multiple parallel or
perpendicular depressions at distinct intersection points (Fig. 45).

The Unit D features

cover a total surface area of 436.7 km2 within the mapped region, or 3% of the total mapped
area. As prominent features within the basin, these units are included in several previous
maps of the region (Shoemaker et al., 1994; Mest, 2011; Kramer et al., 2013; Shankar et
al., 2013).

145

Figure 45: (A) LROC-WAC image of the flat-lying interior basin floor illustrating
the elongated linear negative topographic features identified here as Unit D. (B) Same
perspective overlain with LOLA 1024 PPD elevation data colourized as indicated in
the inset key in order to better illustrate the change in topography in the basin floor
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associated with the features of Unit D. Base image: LROC-WAC mosaic. Base Image
Credit: NASA / GSFC / ASU.

Units E and F
We have divided the basin floor into two distinct units. Unit E represents regions of the
basin floor that are observed to be smooth flat-surfaced plains with the only significant
topographic features attributed to the occurrence of intermittent post-Schrödinger impact
structures (Unit G) or long linear depressions (Unit D) (Figs. 46A and 46B). Within Unit
E the average measured slope is 1.96°. Unit E covers a total surface area of 2800 km2.
Unit F represents portions of the basin floor that are composed of blocky or hummocky
terrain. Within these regions the average measured slope is 4.39°. Unit F is observed
throughout the central basin region but is found in greatest concentration near the base of
the central peak ring (Figs. 46C and 46D).

The basin floor regions between the

discontinuous blocks of peak ring material are observed to be composed of mostly Unit F
material. Unit F covers a total surface area of 2180 km2 or 15% of the total mapped area.
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Figure 46: (A) LROC-WAC image of the smooth flat-surfaced basin floor identified
here as Unit E. (B) Same perspective overlain with LOLA 1024 PPD elevation data
to better illustrate the subtle changes in topography throughout this unit. (C) LROCWAC image of the hummocky basin floor identified here as Unit F. (D) Same
perspective overlain with LOLA 1024 PPD elevation data to better illustrate the more
abundant changes in topography throughout this unit compared to Unit E. Base
image LROC-WAC mosaic. Elevation images colourized as indicated in the inset key.
Base Image Credit: NASA / GSFC / ASU.

Units G and H
Throughout the mapped region, post-Schrödinger impact craters >20 m in diameter are
identified as Unit G (Fig. 47).

These craters are identified as round to sub-round

topographic depressions in the surrounding terrain with slightly elevated topographic rims.
The features of this unit are observed to overprint all other identified units in the regional
map. Unit G consists of only individual topographic depressions. Unit H is identified as
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linear chains of multiple round to oval-shaped topographic depressions with slightly raised
rims that overlap or occur directly adjacent to one another (Fig. 47). Many of these Unit
H features are observed to parallel one another, extending in a northeast – southwest
direction.
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Figure 47: (A) LROC-WAC image of several post-Schrödinger impact structures
observed as local topographic low features in the otherwise flat-lying basin floor.
Individual impacts are observed as circular depressions in the basin floor and are
labeled here as Unit G. Elongated elliptical impacts or chains of craters are identified
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here as Unit H. (B) Same perspective overlain with LOLA 1024 PPD elevation data
to better illustrate these topographic depressions in the basin floor. Elevation data is
colourized as indicated in the inset key. Base image: LROC-WAC mosaic. Base
Image Credit: NASA / GSFC / ASU.

Unit I
The inset morphologic map (Fig. 42) features several additional units in the immediate
vicinity of the proposed landing site which are only discernable at this smaller scale. The
surface surrounding an unnamed 0.9 km diameter well-preserved impact crater to the north
of the landing ellipse is observed to host a pattern of curvilinear grooves oriented radially
to the crater centre. This unit completely surrounds the crater in all directions and extends
from the crater rim to ~0.8 km to the south and ~2 km to the north. This unit is has a
significantly higher CPR value than the surrounding lunar surface terrain (Fig. 48).

Unit

I material is also observed to overprint pre-existing topographic features such is older
impact structures. Unit I has an average slope of 3.7° and covers a total surface area of 9.3
km2.
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Figure 48: Small unnamed impact into the Schrödinger Basin floor. This impact is
better preserved than other impact structures of the same size in the region. A distinct
radial surface pattern can be observed surrounding this crater and is identified here
as Unit I. (B) Same perspective overlain with Mini-RF CPR Radar data. Bright white
pixels indicate a CPR of 1, while black pixels represent a CPR of 0. CPR values of 1
indicate a rough surface texture on the order of ~10cm. This rough surface material
corresponds to the same region as the radial grooved texture observed above. Base
Image Credit: NASA / GSFC / ASU.
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Units J and K
There are two additional units of material situated near the rim of this same small wellpreserved impact crater to the north of the proposed landing site (Figs. 48 and 49). Lobate
clusters of blocks and rugged terrain are observed concentrated at the crater rim and
extending both into the crater and out onto the exterior lunar surface beyond the rim (Fig.
49). These fields contain numerous coherent blocks of material varying from <1 to ~20 m
in size. Here we identify the fields of smaller blocks as Unit J, and map individual blocks
5 m and larger as Unit K. Deposits of both Units J and K are observed to be evenly
distributed around the crater and extend outward in all directions from the crater rim. Both
Units J and K reach maximum radial distances of up to 0.8 km from the crater rim.
Collectively deposits of Units J and K cover a total surface area of ~1.3 km2.

Figure 49: LROC-NAC image illustrating the blocky units surrounding the small
well-preserved impact identified above. White arrows indicate clusters of blocks
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(Units J and K) on and around the crater rim. Base Image Credit: NASA / GSFC /
ASU.

Discussion
Unit Interpretations
Unit A – Peak Ring Material
Due to the overall circular grouping of the features of Unit A and the presence of such
steeply sloping elevated terrain near the centre of the otherwise flat-lying basin floor, we
interpret this unit as the uplifted peak ring of Schrödinger. This interpretation is consistent
with previous analyses of the Schrödinger basin interior (Mest, 2011; Kramer et al., 2013).
Kring et al. (2016) showed that the peak ring material was likely uplifted as much as 30
km from depth. This would make the peak ring unit the most probable host for materials
that formed prior to the Schrödinger Basin impact, including SPA materials. Thus,
sampling Unit A is important for Science Goals 1 and 2; better understanding impact
cratering processes in how central uplifts form and lunar chronology, for the potential
dating of uplifted ancient lunar material. While the steep slopes of Unit A would prevent
a rover from ascending the elevated terrain to sample the peak ring directly, numerous
boulder falls have been identified (Fig. 43) which have brought peak ring materials down
to the inner basin floor. These boulder falls, especially those with discernable boulder trails
extending up the slope to the origin point of the rock fall, are viewed as highly desirable
sampling targets for the rover platform and have been included in both the nominal and
extended rover traverses discussed below.

Units B and C – Volcanic Deposits
The relatively high FeO abundance compared to the surrounding crater materials along
with the dark toned appearance of these units in the visible images, both indicate that the
deposits of Units B and C are volcanic in origin. However, the interaction of these units
with the preexisting topography indicates different emplacement mechanisms for Units B
and C. Unit B is observed to exist as a thin layer of material covering all surrounding
preexisting topographic features surrounding a central topographic depression. We
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interpret this unit as a pyroclastic deposit. This interpretation is consistent with previous
observations and mapping efforts covering the Schrödinger Basin floor (Shoemaker et al.,
1994; Mest, 2011; Kramer et al., 2013). These previous works each interpret the large
oval-shaped depression near the centre of this unit to be the vent from which this material
originated. Pyroclastic or fire fountaining deposition from a central vent would explain the
manner in which this material coats the surrounding terrain (Rutherford and Papale, 2009;
Wetzel et al., 2015). Pyroclastic volcanism on Earth requires the presence of volatile
material to produce the fire fountaining effect. This indicates that the pyroclastic deposit
on the floor of Schrödinger Basin (Unit B) may contain trace amounts of volatile material,
including water which would be a valuable in-situ resource for future crewed surface
exploration missions (Kring et al., 2014). It is also possible that this deposit of pyroclastic
material may contain mantle xenoliths that were transported from the lunar interior during
the pyroclastic eruption. If found, these mantle xenoliths could provide insight into the
composition of the lunar mantle and timing of the lunar mantle formation (Kring, 2013;
Steenstra et al., 2016). Thus, the pyroclastic deposit is the highest priority unit for sampling
during the proposed traverse as it could address 3 out of 4 of the main science goals; Lunar
Chronology, Lunar Volcanism, and represents a potential in-situ resource for future
manned missions to the lunar surface. The proposed traverse presented below includes
several sampling points at different locations throughout this unit in order to thoroughly
assess the composition and volatile content of this unit.
Unit C is also observed to have filled local topographic lows with iron rich, dark toned
material to form flat-lying smooth surfaced units. This is consistent with the formation and
appearance of infilled mare deposits on the lunar surface (e.g. Wilhelms, 1987; Head and
Wilson, 1992). We therefore interpret Unit C to be infilled mare deposits that occurred
after the formation of Schrödinger Basin. Several previous studies which included this
region of the Schrödinger Basin floor also mapped and interpreted these features as mare
deposits (Shoemaker et al., 1994; Mest, 2011; Kramer et al., 2013; Shankar et al., 2013).
These mare deposits represent a moderately high priority target for a potential HERACLES
rover mission, as they would address two of the four science goals; Lunar Chronology, and
Lunar Volcanism.
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Unit D – Basin Floor Grabens
The long curvilinear nature of these topographic depressions paired with the steep slopes
of the interior walls and flat-lying floor lead us to interpret the features of Unit D as a
network of extensional grabens cutting throughout the basin floor. Shoemaker et al. (1994)
suggest that these grabens likely formed due to a slight uplift of the basin floor caused by
isostatic rebound following the emplacement of the impact melt sheet at the end of the
formation of Schrödinger. This theory is supported by the overall ring-shaped pattern of
these grabens, which would be indicative of this type of local rebound and extension
(Shoemaker et al., 1994). These grabens are prominent topographic features running
through the central basin floor and as such have been included in several previous maps
and morphologic interpretations of the Schrödinger Basin region (Shoemaker et al., 1994;
Mest, 2011; Kramer et al., 2013; Shankar et al. 2013). The steep slopes of these features
render them a navigational obstacle and a potential hazard for a rover platform that must
be considered when plotting the proposed traverse.

Units E and F – Basin Floor Materials
In this morphologic mapping we have divided the basin floor into two units based on
expressed texture. The majority of the basin floor is smooth and flat-lying. We have
included these regions as Unit E. This material is interpreted to be the remainder of the
impact melt sheet that formed just after the contact and compression stage of the
Schrödinger impact event. The Unit E material would have covered the topographically
low basin floor as a coherent melt sheet (e.g. Oberbeck, 1975; Osinski et al., 2018). This
surface material has since been reduced to regolith by ~3.8 billion years of subsequent
impact gardening (Shoemaker et al., 1994; Shankar et al., 2013). The remainder of the
basin floor is hummocky to blocky and labeled as Unit F. Based on the proximity of Unit
F materials to peak ring materials (Unit A), we interpret Unit F materials to be a mixture
of material from the Schrödinger Basin interior melt sheet and solid basin-fill materials
including rock falls, landslides, and collapsed peak ring materials that have fallen and
spread out over portions of the basin floor. The timing of emplacement for these materials
is unclear, but likely began during the modification stage, with the majority of materials
emplaced shortly after the end stages of the impact cratering process. While hummocky in

156

appearance, the surface of Unit F is contiguous with that of Unit E in most locations. It is
possible that this contiguous contact is the result of mixture of the basin-fill materials with
the still molten melt sheet early in the impact cratering process. However, it is more likely
that this smooth transition between the deposits of Units E and F is due to the result of
billions of years of impact gardening smoothing out the contact between the two units and
eroding the constituent material of both types of deposit into a fine regolith. One deposit
of Unit F material, located near the western edge of the pyroclastic deposit (Unit B), is
within reach of the rover platform from the proposed landing site. This deposit of Unit F
materials is expressed as a lobate landform of hummocky to blocky terrain that hugs the
inner peak ring wall. As these deposits of Unit F likely contain significant amounts of
uplifted peak ring materials, visiting this deposit would enable the sampling of materials
that potentially address Science Goals 1 and 2; Impact Cratering Processes and Lunar
Chronology. There is a distinct line of transition from the smooth flat-lying deposits on
the basin floor to the topographically elevated deposits of Unit F. The rugged surface
features of Unit F would likely prove to be difficult or impossible to navigate with the rover
platform. Thus, potential samples from within this unit are included in the extended sample
traverse plan detailed below.

Units G and H – Post-Schrödinger Impact Craters
All circular depressions within the mapping region greater than 20 meters in diameter that
feature slightly raised rims and bowl-shaped interiors are interpreted as impact craters
which post-date the formation of Schrödinger Basin. These are mapped and discussed here
as Unit G. These units are of moderate interest when planning the rover traverse path as
their formation excavates material from depth, providing easy access to materials the rover
platform would otherwise be unable to access. As such excavated materials from relatively
fresh small impact craters of Unit G could potentially answer questions related to Science
Goals 1 and 2; Impact Cratering Process and Lunar Chronology. The large topographic
depression at the centre of the pyroclastic deposit (Unit B) is excluded from the group of
features identified here as Unit G. The position of this particular feature along an extended
graben paired with the surrounding pyroclastic material have led to the interpretation of
this topographic depression a vent rather than an impact crater.
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Additionally, the elongated elliptical depressions with raised rims that are not associated
with any of the extensional grabens or observable volcanic deposits are included as Unit
H. These features are interpreted as secondary impact craters from large craters external
to Schrödinger. Shoemaker et al. (1994) attribute several of these crater chains to the
Antoniadi, Humboldt, and Orientale impact events.

Kramer et al. (2013) state that

secondary crater features within Schrödinger originate from as many as seven separate
external impact forming events including Tsiolkovsky, Lyman, Antoniadi, Orientale,
Hausen, Hale, and Humboldt Craters. These previous interpretations are primarily based
on the radial orientation of these observed secondary impact crater chains to the proposed
host craters. For the map presented in this paper, we do not attribute these secondary crater
features to any particular external impact event. In terms of the proposed PHASR mission,
the features of Unit H are of equal interest to the features of Unit G as both provide an
opportunity to observe and sample excavated lunar materials.

Unit I – Continuous Ballistic Ejecta Blanket
Unit I completely surrounds the small well-preserved impact crater to the north of the
proposed landing zone as shown in the inset map (Fig. 42). Due to the location of this unit
and the morphologic characteristics described above, including the radial grooves and high
degree of surface roughness, we interpret this unit as the continuous ballistic ejecta blanket
of the small, unnamed crater. This region likely hosts materials that have been excavated
from the pyroclastic layer and the pre-pyroclastic lunar surface beneath. The extremely
well preserved nature of these ejecta materials indicates that this impact crater formed
recently. This means that any pyroclastic or basin floor materials that were excavated as a
result of this impact event have been exposed to the conditions on the lunar surface for
relatively short amounts of time. This region would likely produce well-preserved samples
of pyroclastic and basin floor material from depth and is thus a high priority for sampling
during the proposed rover traverse. However, given the high degree of surface roughness
as observed by Mini-RF CPR (Fig. 48B), this region may be difficult or impossible to
traverse safely with the rover platform. Additional navigational information including insitu images and LIDAR scans would be needed in order to determine if Unit I is safe to
traverse.
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Units J and K – Boulders and Boulder Fields
Based on the distribution of the features of Units J and K around the rim of the small wellpreserved 0.9 km diameter impact crater north of the proposed landing site (Figs. 42 and
48), the blocks of solid material are interpreted to be excavated boulders which originated
from within the crater itself. These blocks would have been ballistically ejected during the
early stages of crater formation, traveling above the lunar surface and coming to rest at or
near the crater rim (e.g. Oberbeck, 1975). We have denoted all blocks greater than 5 m
across as Unit J, and all fields of smaller boulders have been mapped together as Unit K.
All of these blocks likely represent pieces of the Schrödinger Basin floor which have been
exposed to lunar surface conditions for relatively short amounts of time. Thus, they
represent opportunities to sample preserved floor material from depth with the rover
platform, addressing Science Goals 1 and 2; Impact Cratering Processes, and Lunar
Chronology. Several individual boulders have been identified as potential sampling targets
for the proposed traverse as they are situated near relatively flat terrain and should be
accessible to the rover platform.

PHASR Traverse Plan
Utilizing the points of interest generated during the landing site workshop and the unit
interpretations of the new morphologic mapping detailed above, we have created an
example rover traverse plan which primarily targets portions of the pyroclastic deposit on
the basin floor, freshly excavated impact materials, and peak ring material (Fig. 50). The
full proposed traverse totals 85 km in length and covers 20 individual stops with several
optional points of interest included along the route. The included stops along the traverse
were chosen in order to incorporate as many workshop-derived points of interest as
possible, favoring those indicated as high value targets during supplemental analysis.
Individual stops were also selected to insure the observation and sampling of a range of
different morphologic unit materials which would answer questions pertaining to each of
the four main science goals. Details for each proposed stop are given in Table 4.
The proposed traverse plan can be divided into three segments; a threshold traverse, a
nominal traverse, and an extended traverse. Each of these segments reflect the progress
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toward completing the overall mission goals accomplished by that segment of the rover
traverse. The threshold traverse meets the minimum requirements for a successful mission
with a short distance traveled and one sample obtained. The nominal traverse extends the
threshold traverse to the full proposed 85km distance and enables sampling at up to 20
locations which would meet all main science goals for the mission (Fig. 50). The extended
traverse includes additional travel distance and sampling locations which might provide
additional context to the geology of Schrödinger Basin, but are not necessary to obtain if
similar samples are procured during the nominal traverse. Each of these traverse segments
are discussed in greater detail in the following sections.
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Figure 50: (A) LROC-WAC image of the proposed PHASR traverse path. Nominal
100 m diameter landing ellipse is indicated by the blue circle. Threshold 1 km landing
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ellipse is indicated by the white circle. Nominal traverse is indicated by the solid white
line. Optional return path is indicated by the gray line between points 12 and the
landing ellipse. Potential extended traverse paths are indicated by the green dashed
lines. Potential extended mission traverse to additional basin floor locations is
indicated by the white dashed line. The direction of travel on all traverse paths is
indicated by the arrows along each path. Each stop is indicated by a red point and
numbered accordingly. (B) Same perspective overlain with our mapped units to
better illustrate the surface materials present at each stop and along each leg of the
proposed traverse path. Base image: LROC-WAC mosaic.
NASA / GSFC / ASU.

Base Image Credit:
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Table 4: Location and details for potential sampling locations along the proposed
PHASR threshold, nominal, and extended, traverses.

*Blue fill indicates stops visited on the threshold traverse, white fill indicates stops visited
on the nominal traverse, and green fill represents stops visited on the extended traverse
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Proposed Landing Site
This example traverse (Figs. 42 and 50) begins with a 100 m diameter landing ellipse,
centered at (140.0711° E, -75.2354° N). This is shown in blue on the basin floor
morphologic overview and inset maps. Additionally, a 1 km diameter threshold landing
region is denoted as a white circle. Based on remote sensing data analysis, this entire
region appears to be flat-lying and relatively boulder-free, making it safe for landing. This
1 km zone around the proposed landing ellipse also represents a region which could be
affected by the landers descent thrusters on approach to the lunar surface. This means that
any sampling of lunar material should take place outside this zone to avoid sampling
materials that are contaminated or altered by the decent vehicle during the landing process.

Threshold Traverse
The proposed traverse begins with a northward drive toward the rim of a small wellpreserved unnamed 0.9 km diameter crater located nearby. We have included three
potential stops within the ejecta blanket of this crater, stops 1a, 1b, and 1c, where there are
abundant boulders and soft regolith for sampling (Table 4). The rocks here were protected
from the effects of space weathering in the subsurface, until they were excavated by the
0.9 km crater. Thus these rocks represent relatively fresh material excavated from depth,
providing further insight into the depth and composition of the pyroclastic deposit. After
sampling and observations within the ejecta blanket are completed, the traverse path
proceeds back past the landing site and continues further on toward the east. This initial
path in and out of the ejecta blanket represents a threshold traverse distance of 5.2 km.
Passing the lander en route to the remaining stops provides an opportunity to return the
samples collected thus far in the mission to the lander for transport to Earth if any major
problems occur during the initial stages of the mission.

Nominal Traverse
The nominal traverse path includes the initial traverse into the ballistic ejecta blanket of
the small 0.9 km crater and continues clockwise along the path indicated by the solid white
line in Figure 50. This nominal path is a total of 85 km in length and accesses several
additional units of surface materials. Stops 2, 3a, 3b, and 4 along with potential stop 1 are
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all associated with a large graben running across the northern end of this nominal traverse
(Fig. 50) (Table 4). This material is thus likely the best opportunity to observe and sample
relatively immature target materials and impact melt rocks formed by the Schrödinger
impact event. Stops 6 through 9 are all located along the interior base of the uplifted peak
ring of Schrödinger (Fig. 50) (Table 4). These stops all provide an opportunity to examine
and sample this peak ring material from boulder falls, several of which have distinct
boulder trails indicating where the material originated. These stops would enable the rover
to sample material from higher elevations in the peak ring that would be otherwise
inaccessible. These stops are the best opportunity to gain insight into deep crustal lunar
materials that were uplifted as the peak ring during basin formation. Finally stops 10
through 15 all visit either fresh impacts into the regolith on the basin floor exposing both
boulders and subsurface materials (Table 4). Samples collected in each of the four sections
of this proposed traverse would represent a diverse suite of materials that would fully
address the main goals of the mission.
It should be noted that at stop 12, approximately halfway through the nominal traverse
path, we have mapped an optional return path to the lander due to relative proximity of the
rover and lander at this point in the traverse and favorable terrain between the two. This
path is indicated by the white dashed line in Figure 50. At this point in the traverse the
rover will have examined and sampled a majority of the types of materials necessary to
fulfill the four main science objectives of the mission. At this point in the mission, if
minimal sample space is left available or if any mechanical issues arise with the functioning
of rover platform, the rover can head directly back to the landing site and deposit all
collected samples into the return capsule. If there are no operational issues and ample
sample space remains, the rover would continue along the nominal traverse route as
planned.
The final leg of the proposed traverse brings the rover across nearly the entire width of the
pyroclastic deposit. This portion of the path has been designed to enable multiple samples
of pyroclastic material to be collected at varying distances from the main vent. These
samples would enable compositional comparison and potentially identify the thickness of
the pyroclastic layer across the entirety of the deposit. This portion of the traverse is
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strategically positioned at the end of the primary mission traverse, allowing for the
remaining sample space to be filled with these pyroclastic regolith samples. The final stops
of the nominal traverse path bring the rover close to the rim of the pyroclastic vent in order
to obtain imagery of the vent interior. The walls of the vent itself are far too steep for the
rover to maneuver down, so this suggested path stays a safe distance back from the rim.
After observing the vent interior, the rover returns to the initial landing site and transfers
all collected samples to the assent vehicle for return to Earth.
Stops 19 and 20 serve dual purposes as navigational assessment points in order to assess
whether the rover is able to cross the large fissure to the north of the pyroclastic vent (Table
4). These stops are included with the expectation that following the primary mission
traverse and sample collection, the rover platform would continue on across the basin floor
toward the mare deposits where an extended traverse would allow for additional sample
collection and surface analysis.

Optional Primary Mission Extended Traverse Paths
A branch point for two different extended traverse paths occurs at stop 15 along the
nominal traverse. Here it is unclear from available orbital data if the rover will be able to
safely traverse the hummocky terrain (Deposit of Unit F) close to the peak ring (Unit A).
Thus, stop 15 will serve as a navigational assessment point as well as a potential sample
location. If it is determined that a safe traverse route is available, the rover could follow
our proposed extended traverse route to potential stops 3 and 4, visiting additional peak
ring rock falls of varying composition. These potential extended traverse paths are
indicated by the green dashed lines in Figure 50. This first option for an extended traverse
adds 20 km of distance to the nominal traverse distance for a total traverse length of 105
km. However, if the hummocky terrain (Unit F) is determined to be too rough to traverse,
the rover would most likely follow our suggested nominal traverse path across the
pyroclastic deposit toward the main vent. A second extended traverse option from stop 15
would follow a path that continues south along the edge of the hummocky terrain to
potential stop 2. This stop is situated among the most widespread boulder field in the
region which contains several of the largest boulders in the area. These boulders would be
easily accessed by the rover and provide a plethora of potential sampling locations.
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Following a stop at potential stop 2, the rover would follow a similar long traverse path
across the pyroclastic deposits toward the main vent. This second option for an extended
traverse path adds an additional 9.8 km to the overall traverse length for a total traverse
distance of 94.8 km.

Extended Mission Exploration Operations
Following the safe transfer of the collected sample container to the ascent vehicle for return
to Earth, the rover will be available to continue surface analyses. From the final stop of
the nominal or extended traverse paths at the landing site, the rover platform could retrace
any previously taken path in order to revisit a previously observed site to collect additional
observations using standoff instrumentation, or complete additionally analyses of
surrounding material. However, if there is no need for additional information collection
within the previously visited area, we have included a potential extended mission path the
rover could follow. This path is denoted by the dashed purple line in Figures 40 and 50.
If deemed safe, the rover would cross the graben northwest of the landing site, and continue
northwest across the basin floor. This path includes several stops around a larger impact
crater in the basin floor which may have excavated material from greater depths than the
smaller craters visited along the nominal traverse (Fig. 40). From this point, the extended
mission traverse proceeds north toward the mare deposits (Unit C) where standoff
measurements and analysis of the mare material could be conducted. Despite being of
moderately high scientific importance, the deposits of mare material are not included in the
nominal primary mission traverse plan as they are located a significant distance from the
other proposed sample locations. Analysis of the deposits of Unit C would answer
questions directly related to Science Goals 2 and 3; Lunar Chronology and Lunar
Volcanism. This extended mission traverse totals 54.5 km in length from the landing site
to the mare, and would likely take place over an additional two lunar days.

Conclusions and Summary
The morphologic mapping results presented here represent the most detailed and precise
representation of morphologic units within the northern half of the Schrödinger peak ring
produced to date. This map shows the extent and influence of volcanic units including
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both pyroclastic and mare deposits as well as the effect of post-Schrödinger impact
cratering within this region. The small-scale inset map illustrates in great detail the
different ejecta components of a small fresh impact crater in the pyroclastic deposits.
This mapping effort has led to a better understanding of the distribution of materials within
the central Schrödinger region. The knowledge of the extent, location, and diversity of
surface features in this region has allowed for the creation of a sample rover traverse that
accesses a diverse and scientifically significant suite of materials for analysis and sampling.
The proposed threshold, nominal, and extended traverse options for the PHASR Science
Maturation Study as well as the proposed landing zone have all been carefully planned and
mapped to provide precise locations for potential rover operations. Future HERACLES
primary and extended mission plans can utilize this detailed mapping and the provided
traverse plans as a basis for initial mission planning and eventual sample collection and
return.
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Chapter 5
Conclusions and Future Work
Why Good Maps Matter
Maps are fundamental tools that shape our view of the world around us. They help us to
understand where we are, and where we plan to go next. The best maps help us make the
best decisions. Careful study of maps can reveal patterns or features that are not apparent
in everyday observations. Good geologic maps serve as clear representations and inherent
interpretations of planetary surfaces. They guide the observer, helping them to see the
deeper meaning of the surficial observations they contain. The maps presented in this
thesis use a single image to effectively represent thousands of hours of surface analysis and
the synthesis of multiple different datasets. These maps show the precise locations and
extent of various geomorphologic units on the lunar surface. Knowing exactly where these
materials are distributed is an essential first step in planning future studies and future
exploration of the lunar surface.

Comparison of Ejecta Emplacement Around Orientale and
Tsiolkovsky
The two maps encompassing the entire ejecta blankets around Orientale Basin and
Tsiolkovsky Crater, found in Chapters 2 and 3 respectively, illustrate many similarities in
distribution of ejected materials. Both craters observed to have distinct forbidden zones
lacking secondary impact craters in their respective up-range directions, as well as bilateral
symmetries of the continuous ballistic ejecta blankets across lines described by the
direction of impact (Fig. 51). These similarities are interpreted in the above chapters to
indicate that both impacts formed from moderately low angle impacts into the lunar
surfaces. Figure 51 places the simplified versions of these two maps side by side and
reorients the Tsiolkovsky map to align the interpreted impact directions of both impact
structures. This side-by-side visualization allows for a direct comparison of the geographic
ejecta distribution patterns around both craters.
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Figure 51: Simplified morphologic maps of ejecta units for Orientale Basin (left) and
Tsiolkovsky Crater (right). Tsiolkovsky has been reoriented so as to align the
interpreted impact directions for both structures. Forbidden zones lacking secondary
impact craters are indicated by the dashed gray line. The extent of each of the
continuous ballistic ejecta blankets is represented by the solid black line. The borders
of observed melt ponds are represented by the pink lines, while the borders of
observed melt flows are represented by the purple lines. Distinct chains of secondary
craters are indicated by the green lines. The scale for each map is indicated by the
included scale bars.
Close inspection of the two simplified maps (Fig. 51) reveals several of the same trends in
the emplacement of ejecta materials around both craters. The continuous ballistic ejecta
blankets of both impact structures are emplaced at the greatest distances from the crater
rims in the directions that are perpendicular to the interpreted impact direction. Both
continuous ballistic ejecta blankets are truncated in the directions that parallel the
interpreted impact direction.

The shape of these ejecta blankets, along with the

aforementioned forbidden zones in the interpreted up-range direction, are consistent with
observations of other known low-angle impacts (e.g., Gault and Wedekind, 1978, Herrick
and Forsberg-Taylor, 2003, Schultz et al., 2007). The overall shape of both mapped ejecta
blankets illustrates the transition from an equidirectional distribution of ejecta around high
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angle impacts (> 45º) to the “butterfly pattern” of ejecta surrounding very low angle impact
structures (< 10º) (Herrick and Forsberg-Taylor, 2003).
Additional trends in ejecta distribution can be categorized based on the ejecta type. The
overall shape and symmetry of the ballistic ejecta materials for both impacts is primarily
dependent on the impact angle and direction. However, the emplacement of the ballistic
ejecta units for both of these impacts has been observed to be independent of the preexisting
topography. This is due to the above-surface ballistic transport of these ejecta materials
(Oberbeck, 1975; Melosh, 1989). The distribution of this material is primarily driven by
the energy and direction of the crater-forming impact, while the material itself has little to
no interaction with the preexisting lunar surface during the initial deposition process. The
ballistically emplaced ejecta does flow outward a fraction of the total displaced distance
once it interacts with the lunar surface at the end of the ballistic trajectory (Oberbeck,
1975), but this movement in contact with the surface appears to have little effect on the
overall shape and distribution of the continuous ballistic ejecta blanket.
Conversely, the emplacement of melt-rich ejecta materials appears to be somewhat
independent of impact angle and direction, while being entirely dependent upon preexisting surface topography and interaction with local topographic features. Once ejected,
these melt-rich materials are observed to have flowed toward and into local topographic
low areas, while having flowed around topographically high obstacles (Howard and
Wilshire, 1975; Neish et al., 2014). Similar interactions between melt-rich ejecta materials
and preexisting lunar topography have been observed at several other impact structures on
the Moon, including Tycho, Copernicus, and King craters (Howard and Wilshire, 1975;
Ashley et al., 2012; Neish et al., 2014). In the case of both Orientale and Tsiolkovsky, the
most distal melt-rich deposits were emplaced as the result of molten flow down regional
slopes away from the impact structure (Fig. 51).

These extensive and consistent

interactions with preexisting topographic features and slope can only be explained if the
emplacement of melt-rich ejecta materials occurs as a ground-hugging flow (e.g. Howard
and Wilshire, 1975; Oberbeck, 1975; Melosh 1989; Osinski et al. 2011; Neish et al. 2014).
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These separate emplacement trends for ballistic and melt-rich ejecta materials at both of
the mapped impact locations provide consistent evidence that the emplacement of these
two types of ejecta materials occurs as two separate and distinct stages (e.g. Oberbeck
1975, Osinski et al., 2011). The observation of distinctly stratified ejecta units at both
impacts reinforces this two-stage emplacement concept, with melt-rich materials
consistently observed to overprint the ballistic ejecta at both locations. We observe no
evidence for any significant amount of melt-rich materials emanating directly from the
ballistic ejecta blanket itself to form distinct melt ponds or flows as has been suggested in
recent works (e.g. Bray et al., 2018). The consistent overprinting of melt-rich flows and
ponds atop the continuous ballistic ejecta blanket is clear evidence that the melt-rich
materials were emplaced after the deposition of the ballistic ejecta units at both mapped
impact structures. These observations reinforce the interpretation of a distinct two-stage
ejecta emplacement process put forth by Oberbeck (1975) and expanded upon by Osinski
et al. (2011).
Most importantly, by comparing these two impact structures and the associated ejecta
materials, it can be concluded that each of the noted trends in the distribution of ejecta
materials appear to be independent of impact crater size. While the amount of both solid
ballistic ejecta and melt-rich ejecta materials increases with crater size, the factors
governing the distribution of ejecta units around the crater rim remain constant. This
implies that on airless bodies the ejecta distribution around simple, complex, and multiring
basins should be governed by these same factors in the same way. Impact direction, impact
angle, and preexisting topography will each shape the overall ejecta blanket of an impact
structure in the same ways described above, regardless of the scale of the crater- or basinforming event.

Future Work
Expanded Mapping Campaign
To expand on the conclusions put forth in this thesis, the same mapping and analysis of
ejecta materials around a number of lunar impact structures of varying sizes could be
completed. Present day access to high-resolution remote sensing data for nearly the entire
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lunar surface could allow the expansion of this work to include additional well-preserved
impact structures on both the lunar near side and farside. Possible targets for and expanded
mapping campaign include Antoniadi Crater, Tycho Crater, and King Crater each of which
are young or well-preserved impact with noted ballistic ejecta blankets and melt-rich ejecta
deposits.

Lobate Near-Rim Deposits
One specific observation made in this thesis that warrants further investigation is the unique
lobate deposit noted to the northwest of Tsiolkovsky Crater in Chapter 3. There are many
unanswered questions about the nature of this particular deposit and the exact formation
mechanism that led to its emplacement. Additional detailed morphologic mapping could
be completed at regions identified to host similar deposits. Two such potential deposits
similar lobate landforms associated with the 150 km diameter Drygalski Crater located at
(79.3º S, 84.9º W), and the 90 km diameter Langmuir Crater located at (35.7º S, 128.4º W).
Identifying patterns in the ejecta of these craters could help better constrain the chronologic
order of individual unit emplacement and thus identify whether these lobate deposits
formed during the early stages of the impact cratering process or well after the impact
craters formed. If these lobate deposits form during the excavation or modification stages
of crater formation, it is likely that they are composed of ejecta materials and thus represent
a unique component of the ejecta blanket. If these formations instead tend to occur well
after the formation of the associated host craters, then they likely represent large lobate
landslide or mass wasting deposits that reshaped the lunar surface as a result of partial
crater rim collapse into the local topographic low just outside the host crater structure.
Identifying the exact stratigraphic order of different morphologic units around other craters
which host similar deposits would help constrain the relative timing of emplacement for
these large lobate surface features. Additional study of these features would also provide
insight into the interplay between impact-driven versus gravity-driven material distribution
during the development of a transient cavity through the modification stage of the impact
cratering process.
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Sites for Future Lunar Surface Exploration
The fourth chapter of this thesis discusses the use of these highly detailed geomorphologic
maps in planning a rover traverse within Schrödinger Basin. Schrödinger is a leading
candidate location for future lunar surface exploration missions for a number of reasons,
including the well-preserved state of the impact structure and the presence of volcanic
materials that represent potential targets for both precise geologic dating and prospecting
for the presence of volatiles. It is important to note however, that each of the three impact
structures discussed in this thesis share many of the same characteristics that make
Schrödinger such an ideal location for future surface operations. Schrödinger, Orientale,
and Tsiolkovsky are all very well preserved impact structures. All three impacts are
situated in regions of the lunar surface that have not yet been explored by a surface mission.
All three impacts host volcanic deposits including post-impact mare deposits and in the
case of Orientale (Head et al., 2002) and Schrödinger (Kring et al., 2014; Steenstra et al.,
2016), pyroclastic deposits.

All three impacts feature a central uplift or peak ring

structure(s) that have excavated material from significant depth. All three impacts feature
well-preserved ejecta blankets including the identified flows and ponds of melt-rich ejecta
materials. Thus it is a major conclusion of this thesis that all three of the impact structures
presented here would be ideal targets for future lunar surface exploration missions.
The space exploration sector is currently witnessing a shift in focus toward expanded lunar
surface operations. These missions will lay the groundwork for the long-term goal of
returning humans to the lunar surface.

For example, the China National Space

Administration’s Chang’e 4 mission is currently slated to land in Von Kármán crater on
the lunar farside in late 2018 (Huang et al., 2018). This mission will be the first attempt to
land on, and directly observe the far side of the Moon. Additionally, the US National
Aeronautic and Space Administration (NASA) Space Launch System (SLS) combined
with the Orion crew capsule are set to begin launch and orbital operations by mid-2020.
These exploration missions will see the SLS and Orion tested in CIS-Lunar space, with the
extended goal of transporting components for the construction of a new space station in
lunar orbit called the Deep Space Gateway (Burns et al., 2018). The Deep Space Gateway
will provide a platform for performing deep space and lunar observation experiments while
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also serving as a reusable staging point for future lunar surface operations and lunar sample
return missions (Burns et al., 2013). In addition to the ongoing international government
efforts to return to the Moon, private companies such as Moon Express, Blue Origin, and
Astrobotic are all poised to begin offering launch and lander services capable of
transporting instrumentation into lunar orbit and directly to the lunar surface. In concert
with the increasing momentum toward lunar focused exploration and research, the Lunar
Exploration Analysis Group (LEAG) has officially recommended that NASA seek out
public-private partnerships with private companies such as these to facilitate the rapid
development of launch-ready systems (Lunar Exploration Analysis Group, 2017).
All signs seem to indicate that the Moon is now seen as the imminent destination for the
world’s space exploration organizations and developing companies in the space sector. As
this new wave of missions are being planned, it will be detailed interpreted geomorphologic
maps of the lunar surface based on remote sensing data like those presented in this thesis,
that will lead the way in this new era of expanded lunar surface exploration.
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Appendices
For this thesis, Chapters 2, 3, and 4 were written and compiled according to the integrated
article style. As such, each of these chapters have been optimized for publication. Each
chapter fully discusses the remote sensing datasets used to make all observations and
interoperations of the lunar surface, however the methodology for these three chapters does
not include the specific step-by-step process undertaken to map each geomorphologic unit.
As such, this appendix has been included to specifically describe the exact process by
which all geomorphologic units were identified, defined and incorporated to form the final
maps of Orientale, Tsiolkovsky, and Schrödinger Basins.

The following appendix

describes the steps taken when creating a morphologic map using a generic Geographic
Information System (GIS) program. For this thesis the Java Mission-planning and Analysis
for Remote Sensing (JMARS) GIS (Christensen et al., 2009) was used.
Appendix A: Step-by-step Geomorphologic Mapping Procedures
Step 1: Identify geomorphologically distinct units within the designated mapping
region.
Before drawing any boundaries to separate individual geomorphologic units, it is important
to observed the overall mapping region and identify the unique units to be mapped. In this
thesis we defined and grouped unique units as areas with the same surface texture, relative
tonality, expression of topographic structures, or relationship with preexisting topography.
For the mapping projects discussed in the above chapters, this step utilized Lunar
Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC) (Robinson et al., 2010),
Narrow Angle Camera (NAC) (Robinson et al., 2010), and Lunar Orbiter Laser Altimeter
(LOLA) (Chin et al., 2007) data to observe surface features and topography or
compositional data such as Clementine UVVIS FeO datasets (Lucey et al., 1995; Blewett
et al., 1997) to note chances in FeO Abundance.
For example purposes, an idealized illustration has been included here (Fig. 52). In Figure
52, several different textures can be observed. To the upper left there is a region of dark
diagonal parallel lines. To the lower right, there is a lighter region consisting of regularly
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spaced small dots. Finally, near the centre, there is a circular region of plain white space.
In step 1, we identify these separate and distinct surface textures as Units A, B, and C
respectively (Fig. 53). Letters rather than numbers are used to identify these units, to avoid
imparting any inherent geographic or temporal order to their deposition or formation. At
this stage we note only observations, while interpretation of each unit come later.

Figure 52 - Illustration of a simplified example terrain featuring three distinct surface
textures; a dark diagonally striped region to the upper left, and light evenly dotted
region to the lower right, and a circle of plain white space near the centre.
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Figure 53 - Same illustration as Figure 52 with the three distinct textures labeled A,
B, and C.
Step 2: Begin outlining individual geomorphologic units
To begin the mapping process, one of the identified geomorphologic units was selected,
and the outer extent of this surface feature or texture was traced. In this thesis, this process
was accomplished by selecting the ‘create feature’ option in JMARS. For each unique
morphologic unit mapped, a separate feature layer was established in JMARS. Within each
individual feature layer, all deposits pertaining to a single morphologic unit were mapped
using the ‘create polygon’ tool. Polygons were drawn and using the ‘stream points’ option
in conjunction with a tablet computer in order to directly trace the outline of each unit with
a stylus.
For all geomorphologic mapping it is important to draw the border of each polygon on the
exact boundary of the feature being mapped. It is equally important to keep the feature
being mapped on the interior side of the polygon (Fig. 54). During the composition of the
maps included in this thesis, multiple datasets including surface images (LRO-WAC and
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LRO-NAC) as well as elevation and slope data (derived from LRO-LOLA) were repeated
toggled on and off during this step to maintain a strict mapping line on the outer edge of
each observed unit.
In this example, Unit A is mapped starting in the lower left and moving clockwise around
the outer extent of the feature. The unit A texture is kept on the left side of the boundary
line at all times (Fig. 54). This line is extended around the entire region until it meets up
with its starting point and a single continuous polygon is completed. This polygon is then
saved in the feature list. If other deposits of the same geomorphologic unit are present in
the mapping area, additional polygons are drawn to encompass them as well using the same
technique. Once all observed exposures of a single geomorphologic unit are successfully
outlined, the feature list is saved, and additional geomorphologic units are mapped in
separate feature layers.

Figure 54 - Mapping example Unit A. The outer boundary being drawn is shown as
a dark blue line, starting in the lower left, and extending clockwise around the Unit
A texture. The Unit A texture is kept to the interior (left side) of the outer boundary
line at all times, as indicate by the included blue arrows.
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For each of the geomorphologic maps included in this thesis, we started the mapping
process by outlining the largest geomorphologic units in the mapping area. After each of
these was completely outlined, we moved to progressively smaller units, until all of the
units within the entire mapping area were outlined.
Step 3: Finalize and merge unit borders
Once all distinct geomorphologic units have been enclosed in polygons, overlapping
borders must be merged or manually edited to that no excessive overlap exists and all
enclosed units are discreetly mapped (Fig. 55).

In the illustrated example this is

represented by the dark blue lines encompassing each of the identified textures (Fig. 55).
For the maps included in this thesis, if any border between morphologic units was
indeterminate due to either a small section lacking distinct surface texture or if part of the
boundary between two separate units had been overprinted by a much younger impact, a
dashed line, rather than a solid line was used to indicate an interpreted boundary rather
than a definite observable boundary between the two units.
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Figure 55 - Example illustration showing defined boundaries between all three units.
Unit boundaries are represented by the dark blue lines.

Step 4: Set unique colours for each geomorphologic unit
The final step in the mapping procedures utilized in the composition of this thesis was to
select unique colour for each of the mapped geomorphologic units. As each unit was
represented by a polygon within the JMARS GIS, this was achieved by selecting a unique
fill colour for each group of polygons representing an individual geomorphologic unit. In
this example illustration, Unit A has been set to blue, Unit B has been set to red, and Unit
C has been set to yellow (Fig 56). Once all units had been assigned a unique and visibly
distinct colour, all polygon fills were set to ~50% transparent to allow the underlying
dataset to show through. For most of the included maps, a LOLA derived hillshade dataset
was used as this underlying layer in order to emphasize different topographic textures and
features within and around each of the mapped geomorphologic units.
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Figure 56 - Finalized mapping illustration. Unit A is represented with a transparent
blue fill, Unit B is represented with a transparent red fill, and Unit C is represented
with a transparent yellow fill.

Step 5: Add final details and export the finished map
For each of the included maps in this thesis, the final step is to add additional orientation
and scale information in the form of a scale bar and north arrow. Both of these features
are added from the ‘layers’ menu in JMARS. The north arrow indicates the northward
direction for each map. The scale bar gives an indication of the overall size of each mapped
feature and of the entire mapped area. Finally, the map is exported from JMARS as a JPEG
or PNG image file and a corresponding map key identifying each of the units by colour is
added using an image editing program such as Photoshop or Microsoft Powerpoint.
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